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Abstract

This report finishes the work supported by the Office of Naval Research as cited in
the acknowledgement. In particular it indicates the numerical and practical feasibility
of the tableau approach to multifrequency fault diagnosis previously introduced in
reference [1]. The first chapter presents a 26 component fault diagnosis example
based on a linearized model of a video amplifier circuit. The diagnosis of the example
circuit depends on the solution of the Tableau Fault Diagnosis Equations. The
development of the equations as well as a solution technique are the subject of an
earlier report (see reference [1]). Chapter 2 investigates the properties of the tableau
fault diagnosis equations under the assumption that the number of simultaneous
faults in a systemn under test is limited. The approach employs multifrequency testing
to extract a maximum of information from a given set of test points. The analysis
specifically addresses the case in which the number of faulty components exceeds the
number of measurement points. The development includes a detailed description of
the solution algorithm. Several example problems and solutions conclude the chapter.
These include the video amplifier circuit which is used to illustrate the feasibility of
the approach. Appendices are included which detail the Fortran code of the computer
programs which implement the fault diagnosis techniques for the examples of the
report.
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Chapter 1
Completion of "Full Diagnosis”" Research

1. Introduction

The purpose of this report is the completion of the work presented in [1]. This
research concentrated on the "full diagnosis"” problem, i.e. the problem of determining
system /circuit parameters from multifrequency output measurements under the
assumption that all components may be faulty simultaneously. Before discussing new
material we summarize the major contributions of the previous report [1].

First is the development of a set of Tableau Fault Diagnosis Equations based on
the use of the Component Connection Model (CCM). Due to the nature of the CCM the
fault diagnosis equations and the associated Jacobian, utilized in the solution
algorithm, have an elegant and sparse structure. Another important characteristic of
these equations is that in many cases they are quadratic. The formulation of the
diagnosis equations appears in summary in Chapter 2 of this report. The second
contribution of [1] is the presentation of a theory of diagnosability for the fault
diagnosis equations. This includes a test for diagnosability based on the computation
of the rank of the sparse Jacobian. Third is the development of a solution algorithm
for the nonlinear Tableau Fault Diagnosis Equations. Of particular interest is a
modification which exploits the quadratic nature of the equations and substantially
improves the convergence properties of the solution procedure. Finally [1] presents
several illustrative examples which include algorithm performance data.

The third section of this chapter completes our work in the application of the
fault diagnosis equations to the "full diagnosis" problem with an example which
illustrates the feasibility of the Tableau approach for large systems. The second
chapter then adapts this work to the assumption that the number of simultaneous
faults is limited. Before proceeding to new material we present a review of the CCM
and the derivation of the fault diagnosis equations.

2. The Component Connection Model and the Fault Diagnosis FEquations.

let a linear system have N components where the i-th component is
characlerized by the transfer function %;(s,r;) (s is the Laplace Transform variable and
r; i o parameter which characlerizes the component). Denole the i-th component
m G and oatput as a(s) and bi(s) respeclively, Then
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by(s) = Zi(s.ry)ay(s) (2.1)

is the component input/output equation. Next define the composite component
input/output vectors:

a(s) = col (a;(s).as(s), . . . . an(s)) (2.2)

b(s) = col (by(s),ba(s), . .. ,by(s)) (2.3)
and the composite component transfer function

Z(s,r) = block diag(...,Zi(s.r;)....) (2.4)

where r = col (r,.ra.....,ry). The composite component input and output vectors are
related by

b(s) = Z(s,r)a(s) (2.5)

The connection laws ( e.g. KVL, KCL) are then expressed in terms of the following
equations:

a(s) = Lj,b(s)+Lsu(s) (2.8)

y(s) = Laib(s)+Lgpu(s) (2.7)

where u(s) and y(s) are the circuit/system input and output vectors respectively and
the 1; are determined by the connections. Equations 2.5, 2.6 and 2.7 form the CCM
equations [5)] and have a frequency domain tableau formulation:

as)] - [ o
lbssg - I_leu(s) (2.8a)

rZ(s.lr') ~I
™17 L

y(s) = La;b(s)+Lzgu(s) (2.8b)

Suppose the circuit/system modeled by equation 2.8 is to be diagnosed; that is
the value of r in Z(s,r) is sought. Test inputs are applied at q different test
input/frequency combinations and the corresponding outputs are measured. Let u(s;)
be the test input vector and y¥(s;) be the test output vector, for i=1,2,....q. Because
the circuit/system is linear all components of u(s;) and y¥(s;) are phasors. It is
possible to construct a set of fault diagnosis equations of the form [1]:

[L Voy+a,(s
(Z(sr) |-V VeS| - (o)) (2.9)
&
fori=1,2,....q, where
(1) qis the nv ~r~r of ° .. input/frequency combinations,




(2) bo(s:) = Laf[yM(s1)=Legu(sy)],

(3) LsF is any right inverse of Lyg,,

(4) aq(si) = Lyybo(s;) + Lygu(sy),

(5) Vis a matrix whose columns span the null space of Ly,

(6) r is the unknown parameter vector, and

(7) & is a vector of auxiliary unknowns which characterizes the ambiguity in the
solution for r at any single frequency, s;.

In particular if

fi(r) & [Z(sr)|-V] (2.10)
A rLuvﬁi"'ao(Si)

gilau) £ P (2.11)

Bi & by(sy) (2.12)

x 4 xcol [a;,05,....04,] (2.13)

then the fault diagnosis equations have the equivalert form
Itu(r)es ()-8,
F(x) = I =0 (2.14)
fq(r)gq(..a.q)"ﬁq

where O is the zero vector. Using a Newton-Raphson scheme, one iteratively solves[1]
for the solution, say x°, via

Jp(xK)[xk*+1-xK] = —F(x¥) (2.15)

where x¥ is the k-th estimate of the solution to equation 2.14 and Jr(.) is the Jacobian
of F(.) . Because of the product structure of equation 2.13 and the sparsity inherent in
2.9, the Jacobian is both elegant and sparse. Specifically

Q

f

d
f:(r)rfi‘(gx) 0 5?(")81(3!1)
a o
0 3 . P estas)
Jp(x) = 0 (2.18)
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3. An Example

To illustrate the use of the fault diagnosis equations developed in [1] consider
Figure 1 which is the high-frequency AC equivalent circuit of a four transistor video
amplifier. This circuit is based on the example circuit given in Fig. 7 of reference [9].
In addition to the ground node we consider the nodes labeled A through F as accessible
since these correspond to inputs, outputs, or power supply connections on the original
circuit. These accessible points are used to provide the four inputs and six outputs
shown in Figure 1. The nonzero entries of the sparse set of connection matrices, L,,
L2 and Ly, appear in Tables 1 through 3. All entries of Ly, are zero.

Table 1.
Nonzero entries of L,;, (26x26).

row,column | value | row,column | value | row,column | value
1,2 -1 1.4 -1 1,5 -1
2.1 1 23 -1 3.2 1
3.4 1 3.6 1 4,1
4,3 -1 5,1 1 5,7 -1
5,268 -1 8,1 1 8,3 -1
7.5 1 7,6 -1 7,8 -1
7,10 -1 7,11 -1 8,7 1
8,9 -1 8,26 1 2.8 1
8,10 1 9,12 1 9,13 -1
9,20 -1 10,7 1 10,9 -1
10,28 1 11,7 1 12,7 1
12,9 -1 12,28 1 13,9 1
13,14 -1 13,15 -1 14,13 1
14,16 -1 14,17 -1 15,13 1
15,17 -1 15,18 1 16,14 1
17,14 1 17,15 1 17,19 -1
17,28 -1 18,14 1 19,17 1
19,18 -1 20,9 1 20,21 -1
20,22 -1 21,20 1 21,23 -1
21,24 -1 22,20 1 22,24 -1
22,25 1 23,21 1 24,21 1
24,22 1 24,28 -1 25.21 1
28,5 1 28,6 ~1 26.8 -1
26,10 -1 28,12 -1 28,17 1
26,18 -1 28,24 1 28,25 -1

1 e PRI U WP I S TR YOI, YO WP S I UL G PP oo icdie - dioscinthachlimmniadumacsin
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Nonzero entries of L,s (26x4).

Table 2.

Nonzero entries of L, (6x28).

row,column | value
1,1 1
9.2 1
19,3 1
22.4 1
Table 3.

row,column | value | row,column

1,1 1 2.2
2.4 1 2.6
3,9 1 4,19
4,26 1 5,22
6.5 1 6.8
6,8 -1 6.10
6.12 -1 6.17
6.18 -1 6.24
6,25 -1

R} and V was performed via the IMSI routines LGINF and

LSVDF respectively [B]. These too are spare matrices with their nonzero entries given

in Tables 4 and 5.
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Table 4.
Nonzero entries of Ly} (26x8).

row,column value row,column value

11 1 2.2 0.346154
2,8 0.0384815 4,2 0.346154
4,8 0.0384815 5,2 0.0384815
58 0.115385 8,2 0.307682
8,8 -0.0789231 8,2 -0.0384615
8,6 -0.115385 83 1

10,2 -0.0384815 10,8 -0.115385
12,2 -0.0384815 12,6 -0.115385
17,2 0.0384815 17,8 0.115385
18,2 -0.0384815 18,6 -0.115385
19,4 0.5 22,5 1

24,2 0.0384815 24,6 0.115385

25,2 -0.0384815 25,6 -0.115385

26,4 0.5

A& anl.a’




Table 5.
Nonzero entries of V (26x20).

row,column value row,column value row,column value
2,1 0.808808 31 1 4,1 -0.428088
42 -0.105202 43 -0.105202 44 -0.105202
4.5 0.0743889 4.6 -0.105202 4,7 0.105202
4.8 -0.105202 4.9 -0.82699 4,10 0.0743889
51 -0.0475652 52 0.100844 53 0.108844
5,4 0.100844 5.5 0.620435 5,8 0.108844
5,7 -0.100844 58 0.100844 5.9 0.132594
5,10 0.629435 8.1 -0.380521 6,2 0.105202
8,3 0.105202 6.4 0.105202 8,5 -0.0743889
8,8 0.105202 8.7 -0.105202 8.8 0.105202
8.9 0.82699 8,10 -0.0743889 712 1
8.1 0.0475652 8,2 0.890156 8,3 -0.109844
84 -0.100844 8,5 0.0776715 8,6 -0.100844
8,7 0.109844 8.8 -0.10084< 8,9 -0.132594
8,10 0.0776715 10,1 0.0475652 10,2 -0.109844
10,3 -0.109844 104 0.890156 10,5 0.0778715
10,8 -0.109844 10,7 0.100844 10,8 -0.109844
10,9 -0.132594 10,10 0.0776715 11,13 1
12,1 0.0475852 12,2 -0.100844 12,3 -0.109844
12,4 -0.100844 12,5 0.0776715 12,8 0.800158
12,7 0.109844 12,8 -0.100844 12,9 -0.132594
12,10 0.0778715 13,14 1 14,15 1
15,18 1 16,17 1 17,1 -0.0475852
17,2 0.336283 17,3 0.338203 17,4 0.336203
17,5 -0.237785 17,6 0.336203 17,7 -0.336293
17,8 0.338293 17.9 -0.301165 17,10 -0.237785
18,1 0.0475652 18,2 -0.100844 18,3 0.890153
18,4 -0.100844 18,5 0.0778715 18,8 -0.109844
18,7 0.100844 18,8 -0.100844 18,9 ~0.132594
18,10 0.0778715 19,5 0.5 19,10 -0.5
20,18 1 21,19 1 23,20 1
24,1 -0.0475852 24,2 0.109844 24,3 0.109844
24,4 0.109844 24,5 -0.0776715 24,6 0.109844
24,7 0.890158 24,8 0.108844 24,9 0.132584
24,10 -0.0778715 25,1 0.0475852 25,2 -0.109844
253 -0.100844 25,4 -0.1096844 25,5 0.0778715
25,6 -0.100844 25,7 0.100844 25,8 0.890158
25,9 -0.132594 25,10 0.0776715 26,5 -0.5
26,10 0.5

The component transfer functions are: Zi(s.r;) = r;s for i=4,5,10,11,16,17,23,24 and
Zi(s,ry) = r; for the remaining i.

The nominal component values appear in Table 8 which includes the solution results.
Note that the component values arc scaled to improve the numerical condition of the
problem. The impedance scale factor is 10% and the frequency scale factor is 107
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For this example M=N=26 and P=R0. Using theorem 6.1 the minimum number of
input/frequency combinations is q=3. For this value of q we found no set of inputs and
frequencies for which the circuit would meet the diagnosability condition of Theorem
4.2. Increasing q to 4 we find that the following inputs and frequencies render the
circuit diagnosable:

I
uwo=umm=ﬁ (7.1a)
0

lo
u(sz) = u(j.2) = lcl, (7.1b)
0

fo
u(ss) = u(j.1) = l‘l’ (7.1¢)
0]

o

mw=mm=ﬁ (7.1d)

1

The nominal values for the a; to be used along with the nominal parameters as the first
solution estimate are in Tables 6 and 7.
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Table 6.
Nominal values for a, and aj,.

2 az
real part imag. part real part imeg. part
-.38813E-01 | ~.10576E-01 | —.35885E~01 | —.22477E-02
.10873E+00 .11189E-01 .79972E-01 | —.18134E-01
.23506E+00 | —.23526E+00 +16327E+00 | ~.11376E+00
.25592E +00 .20350E+00 | —.18806E+00 | —~.38813E+00
.80580E+00 | ~.17671E4+00 | ~.37858E+00 | -.28573E~01
.84808E+00 | —.80119E+00 | —.28385E+00 .25088E+00
.31807E+00 | ~.88404E~01 .23297E-01 | -.28580E-01
.78337E-01 | —.74524E~01 .10208E+00 | —.43404E-01
-.51649E~01 .16481E+00 .54176E-01 .39788E-01
—.10085E -01 .84373E+00 .15078E+00 .52261E-01
.20313E+01 | ~.42483E+01 .83848E+00 | -.55977E-01
.12841E+01 | —.18982E+01 .35621E+00 | —~.17659E+00
49954E+00 .31802E+00 .17658E+00 .35621E+00
.31785E+00 | —.23551E+00 .16082E+00 | -.29919E-01
.13377E-01 | —.25284E~-01 .89824E-02 | ~.94932E-02
.39854E+00 | —.44345E+00 .33091E+00 | -.52113E-01
.83180E—-01 .33443E-01 .94932E-01 .89824E-01
44210E+00 | —.77673E-01 .13150E+00 | —.29041E-01
—-.22043E-02 | —-.91910E~02 .18814E-02 | —.24575E-02
22977E-01 | —-.57358E-02 .24575E-01 .18614E~01
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e Table 7.
ooy Nominal values for ag and ay.
q.n Q3 Qe
- real part imag. part real part imag. part
'-f;:~ .21705E-01 .83072E~03 | ~.37897E-01 | -.54819E-03
B -.14510E+00 | —-.54401E-01 .71877E-01 | ~-.54767E-02
.25018E+00 | -.21989E+00 .77880E-01 | —.27958E-01
-.18085E+00 | -.16930E+00 \17227E+00 .883686E-01
.12023E+01 | —.33855E+00 | ~.52193E+00 | —-.52442E-03
-.37128E +00 .205623E-01 .00419E-01 | —.25391E~01
.20897E+00 .82807E~-01 .80488E+00 .28640E+00
-.17104E+00 | —.54508E-01 .31594E-01 .17439E+00
.11877E+00 .10451E+00 .10015E+00 .72395E~02
~.89168E+00 | .42084E+00 | .34487E+00 | —.005375-03
-~ 77921E-01 | —~.93854E-01 .53431E+00 .44778E-01
.25118E+00 | -.76270E-01 | —.19795E-01 .30812E-01
.39835E 01 .12558E+00 | —.15408E+00 | ~.88974E~01
-.32688E+00 | ~.42537E-01 .88285E-01 .720186E-02
.40200E-01 { -,18473E-01 .50702E-03 | -.22881E-02
.87677E+00 | .69241E—01 | .23887E+00 | .138B87E-01
.82385E-01 .20100E+00 .11340E+00 .29851E-01
.85652E ~01 .13644E-01 | —.22188E-01 .82441E-~01
-.28225E-02 .84917E-04 | —.40006E-02 .17667E~01
—.32459E-03 | —.14112E-01 | —.89834E+00 | —.20048E+00

We next establish a set of "actual” parameter values which are to be determined
from the measurement data. These values likewise appear in Table B. The simulated
measurements corresponding to the actual parameters and the inputs of equation 7.1

are:
'30131E+01] [-.41295E+01
.54763E-01| |-.74921E-01
- .13175E+01| |~.10620E+01
y°(.05) = | 10894E+01{*]| .35500E+00 (7.2a)
.23035E-01| |-.77400E+00
.38B00E+00 .78442E+00
L
76267E+00] [-.30754E—-01]
% 13B62E—-01| |-.54854E-03
a W .79305E+00| |-.14179E+00
y*(i-2) = | 371438 +00| |- 64531E-02 (7.2b)
& 42976E+00| |-.40539E-01
b | 66459E +00 .41443E-01
=
o
o —.10196FR+00] [-.94506E-01
—-.18504R-02{ |-.17186E-02
i’,_ oo on _ |- 10865E+00| |- 78825E-01
y'(i1) = | 17885E+01|Hi|-.75712E+00 (7.2c)
—.26883E+00{ |-.11197E+00
—.45287E+00] |-.61275E~02
| ®
% -

g2




o

;i 12

oo [50861E+00] [ .38092E-01

i 92108E-02| | .89435E-03

(| . _ |50837E+00| | .27279E-01

A y(j1-) = [ 22685E+00[*I| .35169E-02 (7.24)
.54900E+G0| |-.17301E+00
| 74654E+00] | .28013E-02

Table B summarizes the results of the solution algorithms. The first solution used
the usual Newton-Raphson iteration step while the second solution used the modified
algorithm discussed in Chapter 5 of [1]. Both solutions employed a FORTRAN program
compiled and executed on a VAX-11/780 with single precision arithmetic. Use of the
usual or modified iteration is a program option. This program is included as Appendix
A of this report. Although both solution methods converged for this example the
modified algorithm required 7 iterations (17 min.) to converge compared to 17
iterations (36.8 min.) for the Newton-Raphson algorithm. The execute times for the
programs are somewhat long due to the fact that sparse matrix techniques were not
used. The Jacobian for this example is a 208x188 matrix with 5.4% of its elements

nonzero.
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Table 8.
Parameter values and solution results.

component | units | nominal | actual | solution 1 | solution 2
1 ohm 12 11 11 11
2 mho 0.1 0.11 0.109 0.109
3 ohm 58.7 85 55 55
4 farad 50 100 100.2 100.2
5 farad 5 4.5 4.5 4.5
8 mho 10 9 9.016 8.017
7 ohm 30 37 7 37
8 mho 0.1 0.15 0.1498 0.1468
9 ohm 10 8 8 8
10 farad 50 85 85 85
11 farad 5 8.2 8.2 8.2
12 mho 10 14 14 14
13 mho 0.3 0.22 0.22 0.22
14 ohm 10 11 11.03 11.03
15 ohm 2 2.5 2.5 2.5
16 farad 50 45 45.04 45.04
17 farad 5 4.8 148 4.8
18 mho 10 9 9.007 9.007
19 ohm 10 11 11 11
20 mho 0.3 0.33 0.33 0.33
21 ohm 10 11 11.23 11.23
22 ohm 10 12 12 12
23 farad 50 49 49 49
24 farad 5 8 8 8
25 mho 10 3.8 3.798 3.798
26 ohm 0.78 0.7 0.7 0.7

4. Summary

The preceding example completes the Tableau Fault Diagnosis Equations
documented in [1] by demonstrating the feasibility of their use for a large system.
These equations are easily computed, requiring no matrix inversions in the their
construction or in the construction of the associated Jacobian. The polynomial order
of the Tableau Fault Diagnosis Equations is dependent on the component
characteristics and not the size of the system. For many systems this means that the
equations are quadratic, a fact which has been exploited to improve the convergence
properties of the solution algorithm. Finally a substantial improvement in the
efficiency of the solution algorithm is possible upon the application of sparse matrix
techniques.
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Chapter 2
Fault Diagnosis in the Tableau Context
with the Assumption of Limited Simultaneous Fauits

1. Introduction

The discussion of the previous report [1] presumed that ALL parameters of a
circuit/system could differ significantly from their nominal values. This assumption is
appropriate when there is some form of interdependence among the parameters. An
example of this is the parameter set of a transistor model. A transistor functioning
abnormally could cause all the parameters of a linearized model to change
significantly. However parameter failures in many circuits/systems are often
statistically independent. In this case the likelihood of more than a few simultaneous
failures is extremely small. The fact that most parameters are at or near their
nominal values represents information useful to the solution process and leads to the
following objective for this chapter:

Utilize the Tableau fault diagnosis equations developed in
[1] to solve for the circuit/system parameter vector, r,
given i) the measurement data and ii) the assumption that
at most n; of the N parameters differ from nominal where
the integer, n;, denotes the "'number of assumed faults".

Several compelling motivations underly this recasting of the fault diagnosis
problem. First it simplifies the calculations since the solution algorithm deals with
fewer equations and unknowns. In fact there are recent well documented
circumstances [2-4] in which the computations proceed via linear methods. More
important than the simplification of the diagnosis equations is the fact that the fault
diagnosis process requires fewer test points when the assumption of a limited number
of faults is valid. Call the number of test points (outputs) n,. Each of the n, test
points is a source of information which in composite should suffice to determine the
parameters. Intuitively, the amount of information necessary is proportional to the
dimension of the parameter space. Since the limited fault assumption forces the
solution to lie in a lower dimension subspace of the parameter space, it follows that its
use in the diagnosis process should require fewer test points than a complete
dingnosis (i.c. no limited parameter failure assumption). Keep in mind however that a
tradeoff arises between the reduction of test poinls and the ease of solving the
resulling cquations. For a given value of ny as Lthe number of test peints, n,, decreases
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the difficulty of solving the fault diagnosis equations should increase.

Current research in the literature has concentrated on simplifying the fault
diagnosis calculations. For example Huang, Lin and Liu [2] have developed a node-
fault approach which solves for the change in the branch admittances of a linear
network using voltage measurements at a set of "accessible” nodes in the network. 1f
the number of accessible nodes is m+1 (including the reference node) and the number
of faults is k, this approach requires that k<m for the fault to be uniquely determined
using linear techniques. (Note: For this approach the number m is analogous to the
number n, in the Tableau approach and k is analogous to n;.) For any set of k faulty
branches where k<m, the =et of possible values for the network response lies in a k-
dimensional linear subspace of R™ If a measurement does not lie in any such
subspace then k=m and it is not possible to determine the fault uniquely. If on the
other hand the measurement does lie in a subspace corresponding to a particular k-
fault then the branch admittances corresponding to that fault are solvable.

Likewise, Saeks et al. [3] have introduced a fault diagnosis algorithm in the
limited failure context based on the CCM. The authors recognized the excessive
computational cost associated with solving a set of fault diagnosis equations for every
possible fault combination and their approach circumvents this problem. Their
algorithm, applicable to nonlinear as well as linear networks, has the following
structure:

i) Partition the components into two groups. Assume that the
group 1 components are "good'. Using the measurement
data and the characteristics of the group 1 components
determine the inputs and outputs of the group 2
components which would give rise to the measurement
data.

ii) Test each component in group 2 by determining if the
component outputs and inputs are consistent with the
nominal component characteristic. If the inputs and
outputs of component i are consistent with its nominal
characteristic then component i is assumed good, if not
then no decision is possible.

iii) Repartition the components including all components
found to be good in group 1. Go to step ii and continue the
process until group 1 consists entirely of good components.

Several remarks concerning this procedure are relevant to the development of
the algorithm in this paper. First the decision rule used in {3] to establish the identity
of the good components is exact for single component failures but for multiple faults
the decision rule must be based on the assumption thal the effects of multiple faults
cannot cancel. This assumption is reasonable when the '"good” components are
represenled by parameters which are exactly nominal but may break down when
actual values of the good parameters are randomly sprecad around nominal due to
preduction variations. Second, the algorithm in [3] requires that the number of Lesl
nointe for a linear system be sufficient to permit the compulation of the inpuls and
oulpuls of the components under Ltest with single {requency test data, Third, use of
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o the multiple fault decision rule requires that the number of faults be strictly less than
N the number of components under test. (Note: These two requirements are equivalent
to the restriction in the Huang, Lin and Liu approach [2] that k<m.) Finally although
this method employs the CCM it differs fundamentally from the Tableau Approach
presented in this paper.

A final example of the use of the limited fault assumption is that of Biernacki and
Bandler who developed an approach to multiple fault location for linear networks.
Here the faults are modeled as loads applied to an invariant network which represents
the system in its nominal state (4]. Their fault diagnosis equations build on voltage
measurements taken at a single test frequency. The identification of the faults
depends upon checking the consistency of a set of linear equations. Like the other
approaches the linearity of the fault diagnosis equations requires that the number of
voltages measured be greater than the number of simultaneous faults to be located.
(Note: As for the previous approach this assumption is equivalent to the restriction in
the Huang. Lin and Liu approach [2] that k<m or equivalently in the Tableau context
that n¢<n,.)

All the above approaches share the constraint that n,<n,. The algorithm for
limited fault analysis developed in this chapter does not require that the number of

P faults, n;, be less than the number of measurement points, n,. Philosophically, the
L idea is to use the multifrequency techniques developed thus far to "squeeze” as much
,Z'f{ information as possible out of a given set of test points. The next section presents
N several simple examples in the context of the Tableau Fault Diagnosis Equations
applied to the limited fault assumption. These examples will clearly illustrate how the
h relationship between n, and ny aflects the approach to the solution. :

2. Motivational Examples

The purpose of this section is to illustrate the properties of the Tableau Fault
Diagnosis Equations under the assumption that the number of parameters which
deviate significantly from nominal is limited. The examples are designed to highlight
the differences which occur as the relation between ny and n, changes and ‘o serve as
background to the development of the solution algorithm.

Consider the example shown in Figure 2. The CCM equations for this example are:

rglgs; Iry e o Ialgsg
5 ans(s
()| = 0 rs | |ax(s) (2.1a)
b4(s) r,| [24(9)

fa, (s) rtl) -01 01 g by (s) [

(s) - ba(s) 0

2:(8) 01 00 b:é:) + lo| us) (2.1b)
ai(s)] [0 0 o o] {bss) 1
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Figure 2. Circuit for Motivational Examples.
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where
[r, [ G, [
_irz| _ |17 Cqg s)| _ 11
r= ra - Gs and Bz(s) - lvo
g G,

0
o
1
0

The nominal value for the parameter vector, roisr, = col[1 11 1] and n,=2.

Case 1: ny=1 (Component 1 faulty)

. Assume that only one parameter value differs from nominal and that
measurements occur for a single real test frequency, s=s,. Recall that the fauilt

diagnosis equation is:

1V +a4(s))

1
l Sl-r)I_V]l ““““ ~bo(sy) = @

where: [
i bo(s1) = sz“ly“(sl)—Lzzu(sl)]:
ii. a5(s1) = Ly1bo(s1)+Lyzu(s,):
iii. The celumns of V span null[Ly,]:
iv. LgR is any right inverse of Ly,;;
v. yM(s,) is the measurement (an n, dimensional vector);
vi. The dimension of null[Lg,] is p;
vii. &3 = eol(a,(s)).a2(s).....ap(s1)).
Next, rearrange the fault diagnosis equation 2.2 to produce:

{V-Z(s,.r)LuV]gl = Z(s1,0)a0(s1)=bo(s,)

Substituting the information for this example into equation (2.3) yields:

_— - 1UASy — 1
ro/ sy ro/ s fal(sl) _ 0 . re/s; -1 [yf’(sl)
o 1 |leet=d| =] 0 0 o | ¥

-1 o ras)| | o o

(2.2)

(2.3)

(2.4)
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Notice the following characteristics of this set of equations:
i. There are 4 equations and 6 unknowns (4 parameters and 2 ambiguity

variables);

ii. BEach r; appears only in the i'th equation;

iii. If the nominal numerical values for r replace the variables, the equation
set is linear with the a, and az as unknowns;

iv. If one parameter is faulty then a solution for &, and az must exist upon
deletirg the equation containing the nominal value of the faulty
component.

The above characteristics suggest a solution method. Namely eliminate the i'th
equation. If the remaining equations are not consistent then r; is not faulty (or the
single fault assumption is not valid).

To illustrate such a solution method let component 1 be faulty with r; = 2. Given
the test frequency s; = 1 and input u(sx) = 1 the corresponding test outputs are:

2.5
k)= B (2:5)
Equation 2.3 becomes:
10 [-1.5
-11 ral —_ 15 (2 6)
0 1 [(Xg - .5 :
-1 0 1.

where a; = a;(1) and ag = a3(1). The results of the successive elimination of cach of
the rows of equation 2.6 appear in summary form in Table 9.

, r T, t.*
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Table 9.
Summary of Consistency Check (Component 1 Faulty).

Row Elim. Resulting Equation Solution
-1 1
1 o 1l]=17] | =t
] : az{ T 1.5
-1 0 2 1. 2
1 0 al _1.5 .
2 0 1 anl = 5 Inconsistent
2 1.
-1 0
t o] I-1s _
3 -1 1 as| = 1.5 Inconsistent
-1 0 1.
1L Olf,,] [-15 '
4 =1 1, 1=|15 Inconsistent
o 1|7? .5

The data in Table 9 clearly indicates that the only possible single fault for the
given measurement data is component 1. To determine the parameter values simply
substitute the o4 values into 2.7a and 2.7b to compute actual component inputs and
outputs:

b(1) = be(1) + Vo, (2.7a)

a(1) = ao(1) + LnnVey (2.7b)

Then use the composite component transfer function matrix equation b(1) = Z(1,r)a(1)

A to compute r. For this example equation 2.7 yields:
28 [ [5
b)) = |3 and a()= |3
- 1 1
&
s and the parameter values arer; = 2and rp = rg = ry = 1 as expected.

Case 2: n;=1 (Component 2 faulty)

The solution to a limited fault problem is not necessarily unique. To demonstrate
4 PY this repeat the example with component 2 faulty. Let r; = 2 with the remainder
- nominal. The test outputs for this case given s; = 1 and u(s,) = 1 are:
[, M
yr(si)| _ fl.S]

i y¥(s)) T La (2.8)
o SubstiLute on 2 .
L. Subslitute into equation 2.4 to get:
C'
g
p.
b
P .
e
L
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-1.

[
lal - 1.2 (29)

Table 10 contains the results.

Table 10.
Summary of Consistency Check (Component 2 Faulty).

Row Elim. Resulting Equation Solution
-0k he _
1 o 1 ool = 4 Inconsistent
2f |1 |
-1 0
[1 o
-1, [
Qy @y -1
2 0 1 =|.4 l =
a o |.4
-1 ot L ¢
[
1 0Ofr
—-1. [
o, oy| _ -1
3 -11 = 11.2 l = ]
o a l.2
-1 0 2 1. 2
[
1 0 al [_1.5 A
4 [—1 Ul = ll.5 Inconsistent
o 1jt% 5

The data in Table 10 indicates that there are two possible single faults which
satisfy the fault diagnosis equations. The values of a from the second row in the table
correspond to parameter values: rp, = 2 with the remainder nominal. Those of the third
row correspond to rg = .5 with the remainder nominal. This illustrates the potential
for ambiguity in the solutions. It is easy to see for this simple circuit that the
ambiguity is generic; that is, it will always occur for this test arrangement whenever
parameters two or three are faulty. Although ambiguities are always possible, it would
be convenient to be able to avoid such generic ambiguities. A later section will
develop a test to determine if such a problem exists for a given diagnosis situation.

To summarize cases 1 and 2 of the example consider the following characteristics:
First, the number of faults, ny, is strictly less than the number of test points, n,. Next,
each fault generated a new set of equations from the original fault diagnosis equations.
When a solution failed to exists for the set corresponding to some fault then that fault
was not possible. The existence of solutions for more than one fault possibility may be
generic to the circuit/system test point combination. Finally, notice that the solution
process proceeded via linear methods. This is possible because ny < n,. Here the use
of mcasurements at a single test frequency provides sufficient data for the solution
process in that the set of measurcments for cach fault combination must lic in a
linear suocpace of the enlire measvremoent apace. Allhouash the sfolution te these
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cases is computationally different from the approaches discussed earlier [2-4) the use
of linear methods and its underlying justification is an essential commonality which
makes them all philosophically equivalent.

Case 3: n;=2 (Components 1 and 2 faulty)

Consider the possibility that the circuit modeied by equation 2.1 has two
simultaneous faults. There are six possible fault combinations, i.e.: r;,rz faulty; ry,ry
faulty; etc.; all combinations of four parameters taken two at a time. Consider
equation 2.4 under the circumstance of two simultaneous faults. As before there are 4
equations and 6 unknowns. Since a fault combination includes two parameters
eliminating the equations which contain an assumed fault while setting the remaining
parameters to nominal leaves two equations in two unknowns. This means that a
solution for o, and a; is likely to exist for each possible fault combination.

Suppese that the actual fault combination for this example is components 1 and 2
(ry = 2 and ry = 2) and that s; = 1. The test outputs for this case are:

b - b @:10)

As before use the nominal parameter values in equation 2.4 with the understanding
that two of the four equations must be incorrect since two parameters are faulty.
Equation 2.4 becomes:

0 mt-t 1.43
1 1 v -1nssl_|1.29
0 1 tlo 1{|57]=| 57 (2.11)
-1 0 0 0 1.

Table 11 summarizes the computations of the a; and the corresponding r for each
possible fault.
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Table 11.
P Summary of Parameter Computation at s; = 1 {(Components 1 and 2 Faulty).

. Rows Elim. Resulting Equation Solution Parameters
)
1&R2 o 1[,,1 _Is7 rax - l-1] ry=2 rs=1
-10 lgg “ 11, az| = |57 r,=2 r,=1
[ !
1&3 -1 1r"‘1 - [1.29] [‘"1 _ -1 ry=2 rg=.5
-1 0 Iag - l 1. [e¥] - l29 r2=1 r4=1
3 L
™ O [ T I A r=2.7 ry=1
[o 1 kxa = |.57 lag = |.57 ra=1 r,=.72
1 o]l 7
2&3 l‘l 0 z; = {_11'43] Inconsistent Inconsistent
;
: o84 o a1 _ [-1.43 ay| _[-1.43 r=1 rs=1
0 1|lag| ~ | .67 ag| T | .57 ro=—4 r,=1.43
[ [ ol '
1 Ofte; [-1.43 oy [-1.43 ri=1 rg=-.25
e Sk 1—1 g [a,_l‘ [1.29 oo = |-.14 re=1 r,=1.43
As expected the computation produces inconclusive results. Clearly the
resolution of the ambiguity in the data of Table 11 requires additional information. To
acquire the needed information repeat the same procedure using a second test

frequency (the verification step). Let sz = 2 for which measurement at the output
would yield:

[y i
x| = [ (2.12)

As before substitute this information into equation 2.4 to obtain:

(10 M -1 - [-1.5
=55 ] _jo| . [5 Y R]_[5
0 1 lcxa =lol*{o 1|87 5 (2.13)
-1 0 1 0 0 1.

Table 12 contains the summary of results for the computation at this test frequency.
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Table 12.
Summary of Parameter Computation at s, = 2 (Components 1 and 2 Faulty).

Rows Elim. Resulting Equation Solution Parameters
- LB 5] | ] | moE o
~1 0 Qg - ll g - l5 r2=2 r4=1
&3 5 ol ots) | - f] | mze mso
l—l 0ljxs| ~ 11 az|l 10 | rg=1 r,=t
=5 .5|l,] _ 5] fou] _ 5] | nze re
184 IO 1 lag =15 |a2 1.5 ra=1 r,=.5
1 o]l
2&3 I_l o lz;] = {_11‘5] ' Inconsistent Inconsistent
2&4 o fa, - f—1.5] a| _ f—1.5] ri=1 rg=1
01 |az —l .5 [0 V] - l .5 | r4=1.5
M1 oll,
oyl _I[-1.5 oyl _[-15 ri=1 rg=-1
3&4 [—.5 5 [0(2 = l1.5] az] = |-.5 r;=1 r,=1.5

The final step in this two-fault case is the comparison of the Tables 11 and 12. The
only common solution between the two tables is that for the component 1 and 2 fault
combination. This fault set therefore is the only one which simultaneously satisfies the
equations derived from measurements at both test frequencies.

This case for which the number of faults, ny, equals the number of test points, n,,
prompts the following observations: In general a single real test frequency is
insufficient to resolve the ambiguity. Data from the measurement at a second test
frequency is necessary. Since the equations resulting from the different test
frequencies are solved separately, linear techniques are still possible. The only
significant difference between this case and the previous two lies in the necessity for
the verification step (the second test frequency). This step was not necessary in cases
1 and 2 since the equations used to solve for the a's were overspecified due to the fact
that ny < n,,.

Case 4: ny,=2, n,=1

Finally consider the same example (Figure 2) with one test point instead of two.
The CCM equations are the same as equation 2.1 except that the output equation is:

[bl(s)

yi(s) = [100 1] g:g:; + [0] u(s) (2.14)

b4 (s)

Accordingly the right inverse and null space basis of L, change to:

e
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The fault diagnosis equations at a single test frequency s; for u(s;) = 1 are:

i 1-aa(sy)
rn 0 00 -1 0 O0flyM(s)+a(s)—as(s) [ u
0ra/sy,0 0 0 -1 0 az(sy) Ylési)
0 0 r3 0 0 0 -1 ats) -l o |=9 (2.15)
0o 0 O0Or, 1 0O O aa(sy) 0
{ as(sy)

For the previous cases ng=n;. To illustrate the properties of the fault diagnosis
equations for ny > n, let the number of aliowable simultaneous faults be two (ny = 2)
and notice that n, = 1. Under these circumstances observe that for equation 2.15, the
elimination of two equations corresponding to an assumed fault combination with the
remaining two parameters set to nominal leaves two equations with three unknowns.
This means that the ambiguity must be resolved by the use of several test frequencies.
The resulting equations must be solved simultaneously with the unfortunate
consequence that the solution method cannot employ linear techniques.

This case represents a more general limited fault problem than the previous
cases since the number of test outputs, n,, may be smaller than the number of
assumed faults, ny. Since this more general approach is the subject of the remainder
of this chapter the actual solution process will appear in a later section.

Current research [2-4] has concentrated on the fault diagnosis problem with the
restriction that n,<n;. A motivation for this is that the solution method may use linear
techniques as illustrated by all but the last case. Unfortunately the restriction to
linear methods fails to exploit all of the information available at the test points. Thus
problems such as case 4 are not solvable via such methods. The remainder of this
chapter considers the development of a more general algorithm f..r limited fault
analysis in the CCM context. Here the restriction, ny,<n, will not appiy The method
will exploit all the information available at a given set of test points by wutilizing
multifrequency testing.

3. Introduction to Notation

The purpose of this brief section is to develop the notation to assist in describing
the n;-fault solution algorithm presented in the next section. To this purpose we
define the following:

<ipig,....ip> 4 The fault index

It iz an ordered np—tuple of positive integers subject to Lthe following:

R (3.1)
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{i(N.n;) = | The set of all possible nrtuples satisfying 3.1 }
There are CN,,‘ elements in Q(N,ny). (Note: CN,, denotes the number of combinations of

N things taken ny at a time.)
If ¥y = <iiz,....in,> then let M, be the following matrix with ns columns:

M, = {eilleizl-'- |91n‘] (3.2)

where e is the N-dimensional unit vector with a 1 in the i-th position and 0's elsewhere.
For the fault yeQ)(N,n;) define the fault space P, in the following way:

P,={r|r=r,+Mp, pcR™} (3.3)

We say that the fault index y "represents” the parameter r if reP,. In other words ¥ is
a specific ni-fault combination.

Note: Limiting the number of allowable faults to n; means that there are at most ny
faults since any fault space with less than ny faults is contained in some P, as defined
in 3.3.

Finally let

F,(x,)AF
7(X7)_ (X) ri=ro i€y (34)

where:
(i) F(x) is as defined in equation 2.14 of Chapter 1.
(ii) x = col(a;.az2,....0q.1)

(iii) x, = col(a;.z2.....& .r.,l....,r.,nr)

(iv) 7; denotes the i'th element of the fault index ¥

(v) ryi is the nominal value of the i'th parameter.
If a system fault is known to lie in P, then the actual values of the faulty \parameters
must satisfy F,(x,) = ®. Suppose a system is n,fault diagnosable, then there will
generally be one fault index, 7, for which F.(x,) = @

4. Limited Fault Algorithm

This section has the following objective:

Given a circuit/system which is nyfault diagnosable and

which has a fault characterized by a parameter vector,

r € P,, y€Q(N.ny), develop a solution algorithm which will:

i) determine which circuit/system parameters are faulty

{find <), and i) solve for the values of the faulty

parameters, i.e. find r € P,, y€((N,ny).
The information available to accomplish this objective is the fact that the parameter
vector, r, and the associated ambiguity variables, g, i=1,2,....q, which combine to form
the composite unknown vector, x, must satisfy F(x) = ® AND the constraint that reP

where P = “«({‘ )P.,. The latter constraint makes it impossible to utilize the Newton-
¢ NNy,

Rapheon iteration directly To illustrate the nature of the problem imposed by this

constraint consider the following "brule foree” approach as o solution method:
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Try to solve for x, in F,(x,)=0 for each ye(N,ns). If for a

particular 7, a solution fails to exist, ¥ denotes an incorrect

fault combination. If a solution does exist then ¥y is a

potential fault combination. If only one ¥ yields a solution,

the fault is uniquely identified.
The modified Newton-Raphson algorithm developed in [1] is a stable method for testing
each F,. The number of such equations which must be tested is Cy.,, where

n!

CNin,= mi(n—m) (4.1)

The major shortcoming of such an approach is that as N gets large with n>2, the
number of possible faults becomes extremely large resuiting in excessively long
computation time.

The excessive number of fault possibilities for large systems is the main reason
for considering the alternative approach described in this section. For clarity we
begin with a brief overview of the idea. Recall that the available information for a
solution algorithm to determine the fault index, vy, and solve for the parameter vector,
r, is:

F(x) =0 (4.2)
and

reP= (4.3)

v P,
7€0(N.ny)
Suppose we view equation 4.2 as a set of constraints and reformulate the restriction in
4.3 in the following way:

Define:
p(ry) &Ir-r.k (4.4)

where (i) reRN, (ii) r,eP,, (iii) yeQ(N,n;), and (iv)} - ||2 denotes the Euclidean norm.
Notice that since >0, equation 4.3 is satisfied if we require that ¢{r,y) be a minimum.
In other words ¢, the objective function to be minimized, is the distance from the
solution, r, to a point in some P,. This distance is zero for any solution that can be
described by a fault index, ye(}(N.n;). Thus the problem statement becomes:

minimize ¢(r.y) (4.5)
reRN 2eN(N.n,)

subject to:

F(x) =0 (4.6)

To develop some insight into the solution process to be developed consider first a
solution method for the general nonlinear constrained minimization problem given by
Luenberger[6] and known as the "Gradient Projection Method". This method proceeds
in the following manner:

NP e bt et —— — — l
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(i) Given a starting point use some solution procedure to find a
"feasible point"” that is a point which satisfies the equality
constraints.

(ii) Next update the feasible point by adding to it a component
which lies in the space tangent (at the feasible point) to the
curve defined by the equality constraints. The direction of
the tangent component is the projection of the gradient of
the objective function into the tangent space (hence the
Gradient Projection Method). The updated point is the
value along the tangent projection for which the objective
function is minimum.

(iil) Using the updated point as the starting point repeat these
two steps until the procedure converges to a solution point.

To apply this type of procedure to the solution of 4.5 and 4.8, modify the second step

of the Gradient Projection Method in the following manner:

(i) Let TcO(N,ny). For each y€l' compute the tangent space
component for which ¢(r,y) is a minimum.

Note: Although this requires a search as in the direct approach
the time required can be kept relatively small if the
number of elements in I" is small.

(ii) To choose the elements of I" consider the parameter values
at the feasible point. Any parameters which are close to
nominal (say within 10%) consider good. This will eliminate
some [fault combinations from consideration thus
decreasing the number of elements of [' relative to the
number of elements of Q(N,ny).

(iii) Another criterion which will limit the size of I" is to consider
the component whose parameter value at the feasible point
is farthest from nominal as faulty.

We now present the details of the algorithm to solve the limited fault problem.
This algorithm has the structure shown in Figure 3. The first step of the algorithm is
to choose an initial guess. The best available information about the solution is the

nominal values for the circuit/system under test. Therefore let x® = x,.

The next step is to find a feasible solution, that with x, as an initial guess find a
point, x€RPI*N  which satisfles F(x)=8. Recall that the modified Newton-Raphson

iteration step is[1]:
Jp(x¥)d* = —F(x¥)
XK+ = xk4adk
where A is chosen to satisfy
IF(X*+Ad")) < [F(x*)

(4.7)

Jp(x*) can be expected to have a nontrivial null space. If it did not then there is




N - - - -
.................................
................................................
= R T T A R S L T T SRR I

29

Select an initial
estimate of the Step 1
solution

Use an estimate

f the solution to
—» © Step 2
find a ‘‘feasible P

solution’’

Update the
feasible solution
with a Tangent
space correction

Step 3

N/
° <CONVERGED

Figure 3. Basic Algorithm Structure.
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sufficient information to find the solution without the limited fault assumption. This
means that 4.7 does not have a unique solution. To make the solution to 4.7 unique
requires that d* be the "least squares" solution. This "least squares’ solution can
theoretically be found via Moore-Penrose pseudo-inverse[7] but in practice the
solution is determined using software such as IMSL routine LLBQF[8]. Implemented in
this manner the modified Newton-Raphson iteration provides a means of finding a
feasible point.

The third step depicted in Figure 3 is the tangent space update of the feasible
point to minimize the objective function. To assist in the explanation of the
implementation of this step define the following:

x1e2 the feasible solution resulting from Step 2.
re2 the parameter part of xy, (i.e. the last N entries of xy,).
Vp(x:.)4 the matrix whose columns span Null[Jp(xy)].
Vi(Xre) & the matrix consisting of the last N rows of Vp{xr.).
Tr(xre)2 the tangent space of the surface F(x) = © at the point Xe.
x4 a point in Tr(xye).
r.8 the last N entries of x,.
D,4 for y = <ijig,....ip,> this is the identity matrix with rows iy, i
etc. deleted.
Note: D, is a matrix operator for the parameter vector which produces a vector
consisting of the entries of r whose indices are not contained in 7.

The objective of this step is to find a peoint in the tangent space which minimizes
the function ¢. If x, is a point in Tp(xye) it has the following characterization:

Xy = Xre + VF(Xte)B (4.8)

where fcR¥ and M=dim{Null[Jp(xse)]}. Thus the goal for this step becomes: Find 8
which minimizes ¢. Since the objective function, ¢, involves the parameter alone only
the last N equations of 4.8 require consideration. Thus

Iy =rpe t+ Vr(xfe)ﬂ (4'-9)

characterizes the parameter part of x; used in the objective function. Let ¥ be fixed.
Note that:

min ry,v) = min |r-r 4.10
xtsTF(x“)Sﬂ( ) &ETF(‘“J \—Tolle ( )

= minf|D,(rpe+Vy(x -r.
peRr’}" 7( fe r( fe)ﬂ 7)"2

But since D,r, = D,r, this become:

min ry,y) = mi - 4.11
XLETF(WN t.7) BE;QIA»,ﬂ B2 (4.11)

where
A, = DV, (x) and B, = D,(ro—rg) (4.12)

P'or a given 7, and ¥ the matrix A, and the vector 12, are knewn. Thus equation 4.1 i
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a linear least squares problem readily solved via techniques discussed previously[7,8].

Let B, denote the vector which satisfles 4.11. To find the minimum of the

objective function for all r, and 7, compute g, for each ¥ and select the one which
satisfies:

76rg;gqr_lnf)ﬂA»,ﬂ-,—B,llz (4.13)
As discussed earlier performing this computation for every possible ¥ is unnecessary.
To eliminate some fault indices from consideration construct a set I'C()(N,ny of
candidate faults based on the following criterion:
(i) If the i'th entry of ry, is sufficiently close to the nominal
value for the i'th component (e.g. within 10%) then
eliminate from consideration all faults containing
component i.
(ii) If the j'th entry of rg has the greatest deviation from
nominal then eliminate from consideration all faults which
do not contain component j.
Instead of the minimization in 4.13 perform:

TEiPuAvﬂ‘r_th (4.14)

The complete algorithm has the structure shown in Figure 4.

5. Limited Fault Algorithm Examples

The purpose of this section is to present two example problems which will
illustrate the theory and limited fault algorithm developed in this chapter. The first
example is based on the 12 parameter circuit of Figure 5. The solution algorithm is
employed to analyze 16 randomly selected faults within this circuit. The second
example is the 268 parameter circuit of Figure 1. Practical implementation of the fault
diagnosis procedure for this circuit requires the use of sparse matrix techniques.
Although the development of sparse matrix algorithms is beyond the scope of this
report the example is included to demonstrate the feasibility of the algorithm for
larger systems.

Example 5.1: Consider the circuit of Figure 5. The circuit input and outputs are:
=V, y =l y2=V, (6.2)

The parameter definitions, nominal values and component transfer functions appear in
Table 13.
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Table 13.
Component information for Example 5.1

- Parameter | Nominal Value | Definition | Z{s.r;)
r 1 1/C, rv/s
o rz 5 Ry rz
.Z' ) ra 1. Ry rs
-._ rg 1. 1/ C“ r4/s
; O I's 1 1/ Cz rs/ s
S rg 1. 1/ Rp s
t. ry 1, 1/ RE rq
E.—‘_ re 1. Cﬂ rﬂs
t" reg 1 Ce regs
: T I‘m 1- gm rlo
F rn 1. 1/ RC rn
¢ riz .5 1/ RL iz
.
{

The nonzero entries of the sparse set of connection matrices, Lj;, Lye, Loy and Lgg
appear in Table 14.

Table 14.
Nonzero entries of the connection matrices for Example 5.1.

Lyj | row,column | value | row,column | value | row,column | value
L 1,8 1 1,7 1 1.8 1
111 1 1,12 1 2.7 1
2,8 1 2,11 1 2,12 1
3.7 1 3,8 -1 3.9 1
3,10 -1 4,10 1 4,11 1
4,12 1 5,12 1 8,1 -1
7.1 ~1 7.2 -1 73 -1
8,3 ] 9.1 -1 9,2 -1
9,3 -1 10,3 1 111 -1
11,2 -1 11,4 -1 12,1 -1
12,2 -1 12,4 -1 12,8 -1
Li2 6.1 1 7.1 1 9.1 1
' 11,1 1 12,1 1
@
. L2, 1.1 -1 1,2 -1 1,4 -1
1.5 -1 2.6 1 l 2,7 1
2,9 1 2.1 1 2,12 1
lioz 11 1 : [
é

The nonzero entrics of ;% and V, computed via IMSL 8] routines LGINF and LLSQF
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respectively, appear in Table 15.

nominal g;:

matrix | row,column value row,column value
Lz R 1,1 -0.25 21 -0.25
4,1 -0.25 5.1 -0.25
8,2 0.2 72 0.2
9,2 0.2 11,2 0.2
12,2 0.2
v 1,1 0.888025 2,1 -0.2868875
2.2 -0.57735 2,3 -0.57735
3,8 1 4,1 -0.288875
4,2 0.788875 4,3 -0.211325
5,1 -0.288875 5,2 -0.211325
5,3 0.788875 8.4 0.861803
8,5 -0.138197 [:X:] -0.138197
8,7 -0.138197 7.4 -0.138187
7.5 0.881803 7.6 -0.138197
7.7 -0.138107 8,9 1
9.4 -0.138197 9,5 -0.138197
9.8 -0.138187 8.7 0.8681803
10,10 1 114 -0.138197
11,5 -0.138197 11,8 0.8681803
11,7 -0.138197 12,4 -0.447214
12,5 -0.447214 12,8 -0.447214
12,7 -0.447214
For q=2, s, =j10 and s; =j.6 and u(s;) = u(sy) = 1
—.157584e+00 —.353887e~01
-.333415e+00 —.130905e +00
—.323898e +00 —.827418e~01
.834977e+00 -.121971e-01
.308373e-01 .|—.105105e+00
21 = | go3794e-01] ¥ |- 732278e—01
~.200531e+00 .358585¢ +00
.398388¢ ~01 —.3849096e~-01
.384998¢ +00 .308368e +00
.398368e ~01 —.384996e -01

Nonzero entries of the L; R and V matrices for Example 5.1.
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Table 15.

we compute the following

(5.3)
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= -.181031e+00]  [-.167796e+00
.399337¢ +00 —.395031e+00
. ~.247148e+00]  |-.709381e-01
o .705033e+00 75679401
T _ | .275748e+00| = |-.126582¢+00

. . 22 = |-.182022e+00] T J| .153923¢+00 (5.4)

- —.178041e+00 ~.116167e+00
o .213281e+00 —.420248e-01
- .252149¢ ~01 .127968e +00
.2132B1e+00 -.420248e —01

'w?r' .
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This nominal data is used as a starting point for the solution algorithm.

The next step in the example is to simulate several 3-faults (3 parameters differ
from nominal) and see if the solution algorithm works. Table 16 displays a set of 16
randomly selected fault indices and corresponding faulty parameter values. Each of
these faults was simulated and the resulting measurement data applied to the solution
algorithm. The final column in Table 18 indicates the performance of the algorithm for
each fault. In 11 of the 16 cases the algorithm correctly identified all faulty
parameters and determined their actual values. In four cases two of the three faults
were correctly identified and in one case the algorithm selected as faulty a component
which was actually good.

Table 18.
Fault list and algorithm performance summary for 5;=j10. and sp=j.6.

Actual Fault Index Faulty Parameter Values Algorithm Fault Index
<6,7,10> rg=.5 r,=2. ripg==2. <8,7.10>
<2,5,9> re=1. | rs=.05 rg=.2 <2,9>
<1,4,8> ry=.2 r,=.5 reg=.2 <1.4,0>
<2,58> rs=.3 | r5=.07 | rg=1.4 <2,6>
<4,5,9> ry=2. [ r5=.05 | rg=.2 <4,5,9>
<2,8,11> ra=1. rg=.5 rh=.5 <2,6,11>
<2,8,12> r=1. rg=.5 | rjp=.25 <2,6,12>
<7,8,9> r;=.5 rg==2. rg=.2 <7,8,9>
<2.4,12> ra=.25 | r,=.5 | r;p=.256 <2,4,12>
<5,8,8> rs=.05| rg=.7 | rg=1.8 <8,8>
<2,8,10> rs=.25 | rg=2. rig==<. <2,8,10>
<3,4,7> rg=.5 | ry==2. r,=2. <3,4,7>
<3,8,9> rg=2. re=.5 rg=.2 <3,6,0>
<3,7,12> rz=2. r,=2. | ri2=.25 <3,7,12>
<2,4,5> rz=.3 | rg=1.5| rs=.07 <2,4>
<5,7,12> rs=.05 | r,=2. ryp=1. <7,11,12>

Although the circuit is theoretically 3-fault diagnosable the results in Table 18
indicate that there are some practical problems associated with the determination of
certain faults. For any given fault the most reliable indication of the theoretical
rapability to determine the faull is a test of the Jacobian evalualed at tho fault but
this e papraceal since il is impreasible o oticipate all porsible Jaalts, Thateadd Lthe
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diagnosability test is based on of the rank of selected columns of the Jacobian, Jp,
evaluated at the nominal point. Theoretically the results at the nominal point hold for
almost all faults. Unfortunately it is quite possible for a matrix which is theoretically

full rank to be less than full rank for a solution algorithm due to the finite word length
of the computer.

A technique for circumventing this problem is to perform the diagnosis at several
sets of test frequencies. Only those faults which are poorly conditioned at all test
frequencies used would not be detectable. Suppose that the present example is
repeated with the following test frequencies: s, = j4. and sz = j.2. The resulting
nominal g; are:

. 152138e +00 - 306280e —01
~.201921e +00 —.223071e+00
—.309870e +00 - .4646830e —01
.630830€ +00 — .067588e —02
.411483¢-01{ |- 825300e-01
21 =1 gozeave—01| ¥ J| .328108e-01 (5.5)
—.343208e +00 061784e~01
.873078e ~01 - .867572¢ ~01
,267029e+00 269232 +00
.873078e—01 - 867572 —01
522551e~01 —.460309¢ +00
.550180e+00 771891 —01
~.196403¢ +00 -~ .890725¢ ~01
577404¢+00 .307545¢ +00
_ | .304301e+00| | | .939940e-01
22 = |_ 248162e+00] t J]-.347141e-01 (5.8)
- 898594¢-01 —.883109¢ 01
.201183e+00 788478¢ ~01
—.157698¢-01 .402325¢ —01
.201183e+00 788478 —01

The results of the diagnosis of the same 16 faults appears in Table 17.
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Table 17.
Fault list and algorithm performance summary for s,=j4. and s,=j.2.

Actual Fault [ndex Faulty Parameter Values Algorithm Fault Index
<6,7.10> r¢g=.5 r,=2. rig=2. <6,7,10>
<2,5,9> ra=1. | rs=.05| rg=.2 <2,5,8>

71,4,9> r=.2 | ry=.5 rg=.2 <1,4,9>
<2,5,8> r=.3 | r5=.07 | rg=1.4 <2,5,8>
<4,5,9> rg=2. | rs=.05| reg=.2 <4,5,9>
<2,8,11> r=1 rg=.5 rg=.5% <2,6,11>
<2,8,12> rz=1 rg=.5 | riz=.25 <2,8,12>
<7,8.9> ry=.5 | rg=2. rg=.2 <5,7,9>
<2,4,12> rs=.25 | ry=5 | r2=.25 <2,4,12>
<5,6,8> rs=.05 | rg=.7 rg=1.8 <5,6,8>
<2,8,10> rz=.25 | rg==2. ryp==2. <2,3,10>
<3,4,7> rs=.5 re=2. r,=2. <34,7>
<3,8,9> rg=2. rg=.5 ro=.2 <3,8,9>
<3,7,12> ry=2. r,=2. | re=.25 <3,7,12>
<2,4,5> r=.3 | ry=1.5| rs=.07 <2,4,5>
<5,7,12> rs=.05 | r,=2 riz=1. <5,7,11>

A diagnosis based on the combination of the results of Tables 15 and 16 identifies
ALL faulty components in the sixteen randomly selected fault combinations. The only
diagnosis errors are three of the sixteen cases in which a good component was
identified as faulty.

Fxample 5.7: Next reconsider the circuit of Figure 1. Due to the large size of this
example a detailed analysis is not feasible without the utilization of sparse matrix
techniques. Although the adaptation of the solution program to sparse matrices is
beyond the scope of the current research a limited analysis of the example is included 1
to demonstrate the feasibility of this approach for large circuits and to illustrate some i
of the properties of the algorithm.

The choice of inputs and outputs are denoted in the figure as u; and y;
respeclively. For this example N=26, n,=4 and p=22. Notice that five of the seven
accessible nodes are utilized to provide the single input and four outputs shown in
Figure 1. Normally it would be desirable to utilize all accessible points to acquire the
maximum of available information for the diagnosis procedure however we have
clected Lo let ny=5 and wish to illustrate the case where n <ny.

The nonzero entries of the sparse set of connection matrices, L;2 and Lg,, appear
in Table 18 and those of 1), appear in Table 1 (Chapter 1). All entries of Lgp are zero.
The computation of L;® and V was performed via the IMS1.[8] routines LGINF and LSVDF
respectively. These too are spare matrices with their nonzero cntries given in Table
18.
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Table 18.

Ly; | row,column | value | row,column | value | row,column | value
Lz 1,1 1
La, 1,1 1 2.9 1 3,19 1
3,28 1 4,22 1
L; R 1,1 9,2 1 18,3 0.5
22,4 28,3 0.5
v 2,2 1 3.3 1 4,4 1
5,5 1 6.6 1 7.7 1
8,8 1 10,8 1 11,10 1
12,11 1 13,12 1 14,13 1
15,14 1 16,15 1 17,18 1
18,17 1 19,1 1 20,18 1
21,19 1 23,20 1 24,21 1
26,1 -1

The component transfer functions are: Zy(s,r;) = r;s for i=4,5,10,11,186,17,23,24 and
Zi(s,r;) = r; for the remaining i. The nominal component values as well as parameter
values for three 5-faults appear in Table 19. Note that the component values are
scaled to improve the numerical condition of the problem. The impedance scale factor

is 10° and the frequency scale factor is 107.
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Table 19.
Nominal parameter values and selected 5-faults.
component | units | nominal fault 1 fault 2 fault 3
<4,13,18,20,22> | <1,9,13,20,24> | <3,6,14,17,25>
1 ohm 12 12 16 12
2 mho 0.1 0.1 0.1 0.1
3 ohm 58.7 56.7 56.7 35
4 farad 50 80 50 50
5 farad 5 5 5
8 mho 10 10 10 5
7 ohm 30 30 30 30
8 mho 0.1 0.1 0.1 0.1
9 ohm 10 10 3 10
10 farad 50 50 50 50
11 tarad 5 5 5 5
12 mho 10 10 10 10
13 mho 0.3 0.2 0.5 0.3
14 ohm 10 10 10 15
15 ohm 2 2 2 2
18 farad 50 50 50 50
- 17 tarad 5 5 5 8
- 18 mho 10 18 10 10
. 19 ohm 10 10 10 10
20 mho 0.3 0.5 0.5 0.3
- 21 ohm | 10 10 10 10
{- 22 ohm | 10 8 10 10
L 23 farad 50 50 50 50
¥ 24 farad 5 5 3 5
! 25 mho 10 10 10 15
26 ohm 0.78 0.78 0.78 0.78
p The number of test frequencies is q=2 and the inputs and test frequencies are:
- u(s,)=u(j.2)=2. u(s,)=u(j.01)=.1 (5.8)
- The nominal values for the a;, i=1,2 appear in Table 20.
o
o
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Table 20.
Nominal values for a; and a,.
& F
| realpart | imag.part | realpart | imag.part |
-.658870e+00 | —.460868e+00 | —.236072¢+00 | .357115¢+00
—.956600e—04 | —.380546e—03 | .155763e-03 | —.858132¢-04
.180988e+01 | —.272188e+01 | .910668e+00 | —.332734e+00
.380548e—01 | —.958600e—02 | .320066e—03 | .778815¢—03
.182796e+01 | .237069e+00 | .234985¢—01 | .270606e—01
~.956600e~02 | —.380548e—01 | .155763e—01 | —.658132¢—02
.312290e+00 | —.125561e+01 | .501926e+00 | .108118e+00
.103920e—03 | —.571410e~02 | .830078¢—-03 | .86684Be—03
571410e+00 | .103920¢—01 | —.433474e—02 | .415040e—02
.125561e+01 | .312208e+00 | —.530506e—02 | .250963e—-01
.103920e—01 | —.571410e+00 | .830079¢—01 | .886848¢—01
.245000e+00 | —.1750608e+00 | .434513e—01 | .524038e—01
.770900e—02 | —.193858e—01 | .101418e-01 | —.268638e—02
543437e+00 | —.237413¢+00 | .207561e+00 | —.441227e-01
.193858e+00 | .770800e—01 | .134318e-02 | .507080e—02
512714e—01 | —.250221e+00 | .410939e—01 | .476014e~01
.770900e—01 | —.193858¢+00 | .101418e+00 | —.268636e—01
.198924e+00 | —.307628e+00 | —.20103Be~03 | .285215e—01
444493e-02 | —.254340e—02 | .357117e~02 | .211851e—03
.254349e—01 | .444493e—01 | ~.105925e—03 | .178559e—02
.173045e+00 | —.351821e+00 | —.452230e~03 | .247148e—01
.444493¢-01 | —.254340e—-01 | .357117e—01 | .211851e—-02

LN Sun Jun amh Su ate s Aariet Yancd

Py

The results of algorithm for this example comprise Table 21. The program
correctly identified faults 1 and 2 and four of five faulty components in fault 3. The
difficulty in identifying parameter 14 is another example of a poorly conditioned
problem however in this case the difficulty is not frequency dependent. The sensitivity
of the four outputs to changes in parameter 14 is extremely small at all test
frequencies. Under such a circumstance it is reasonable to expect difficulty in
determining the parameter since the outputs contain little information about it.

Table 21.
Results for example 5.7.

fault # actual y solution ¥
1 <4,13,18,20,22> | <4,13,18,20,22>
2 <1,9,13,20,24> <1,9,13,20,24>
3 <3,6,14,17,25> <3,6,17,25>

This solution is a good example of the recduction in the number of fault
combinations which results from the determination of a feasible point. For this
example ny=5 and N=26. Conscquently there are Cygs or 65780 possible fault
combinalions. Thus a "brute force” approach to this example requires the solution of
Gh7H0 different sels of fault diagnosis equations. One the other hand Lhe algorithm
deveieped here finds a findg a feable pomnt first and then searches for Lhe Tault
among the parameters which deviate significantly from nominal at the feasible point.
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For example in the solution for fault 1 there were 10 parameters which deviated
_ greater than +10% from nominal. If the remaining components are considered good
n and the parameter with the greatest deviation from nominal is considered definitely
' bad then four faulty components remain to be found from nine possibilities. This
means that the algorithm must test Cy,4 or 126 different faults. This is significantly

fewer that 65780.

These examples employed a FORTRAN program based on the solution algorithm
described in the previous section and compiled and executed on a VAX 11/780
computer. It is also noteworthy that both examples identify a reasonable number of
simultaneous faults while achieving the goal, n,<VN, set in [10]. ‘

8. Conclusions

Clearly the Tableau Approach is readily adaptable to the assumption of a limited
number of simultaneous faults. The major problem associated with this assumption is
the need to avoid testing the enormous number of fault combinations which occurs for
large systems with more than a couple of faults possible. The algorithm developed
here avoids this problem by utilizing the information available at the surface
described by the equality constraints. The most significant aspect of this approach is
that it does not require the number of test points to be greater than the number of
assumed faults. This allows a reduction in test point requirements over other
methods.
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Do

o0

111

112

" Aom

ract

rkth

ktLhnm

ff

dd

e

tol

oMz

lambda

-]

timel

timeZ

"

tme

a4
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cem connecltion matrix

cem conneclion matrix

cem connection matrix

coem cannection matrix

riaht inverse of 121

matrix of basis veclors for the null space of 121
nominal pParameter values

actual rarameler waluyes

Farameter value:z: durina the iteration rroceszs
rkths/rnom (normalized unknown)

deviation from nominal for actual

real matrix eaquivalent to Jf

equivalent Lo f (zee f)

equivalent Lo 4 (see d)

2quivalent, Lo x (see x)

used by imsl routine llsaf

function name

function name

arrac of funclion wvalues alona Lhe zearch direction
beainnina cru tLime

erndina cry Lime

compl e

array of Lezt freauencies (eauyiw to =z2)
arrayv of inerut vectors (equivw Lo uy)

iaht hand wector of alaor (e3uiwv Lo §f)
sear-ch direction (eauiwv. Lo dd)

Foint alona zearch direction (equiv Lo wx)
temrorary sthoraae

work storaae
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“MAGM artray of nominal Lest outeputls (equiv. to vwymnom)

o0 0 00

alrha artay of nominal ambisuity vectors (esquiv. Lo aalrha)

vmacl array of actual Lest outlpuls (equiv. Lo vvmact)

L v I v B

Since the free—formatl read(5, #) wan’t read comrlex numbers
the variables s, u, vmnom, alerha: vmact are made esuivalent, La
real arravs of double <iza. The reals are read bul tLhe
comelex are usaed

1' A .rfﬁ'. IV T——
. . . N . . I « . . . . .
&5

-

[y B« }

[y I v I o Biw

logical conura

inteser n, a, r ins o 2row(30)

intaeser lda, 1d.if, 14111, 1da®, 14b0, 1dal, 1dv, ir(200), kb

real 111(30,20),112(20,5),121(10, 20), 122¢(10,5), 1Z21r (20, 1)

:ﬁi real (20, 235), rnom(20), ract{30), a(290, 230), ££(230), d4(2350)
&i real =£(12), uy(10,5), vwmnom(20, 5), aalrha (30, 5) . vwvmact(20, 3)
- real normsa, lambda, tol, xx(250). a(S), deu(30)

D 4
S

real Limel, LimeZ, rkLh(20), rkthnm{(320), {(4)
complax s(9), y(S, S), ymnam(10, ), alerha(2S5, 3), ymact(10. 3)
) comrplex JF(150, 250), d(125), £(125), bO(30, 5), al (20, 3)
X comelex tme{200), aa (30, 3), =(12Z5)
equivalence (ss, 5), Cuy, W), (aalrha,alrha)
3 equivalence (vymact, vmact), {vymnom: vmnom)
aquivalence (§Ff, £), (dd, d), (=, %)

o
, c
= call second(timel)
C
T set, Lhe row dimensions
G
14a=250
14i¢f=150
14111=20
1 dus=30
- 1dal=2%
: 14a0=30
1d4b0=320
o
5] sel precision of zolution ie D1 = 1%
- frec = | D01
. c
C InFut, zecti.r
c read in from standard ineut
o
tread(S, #) n,A p in ou
. read(S, #) (rnom(id), i=1,n)
- read(S #) (ract(id), i=1, n)
o do 5% i=1,n
59 read(S, #)(111(1, J), i=1, n)
do A0 i=1,1in
) &0 read(3, #)(112¢i, i), i=1.nm)
ii do 4% i=1, ou
P RPN St Bt e St ol PO . N . i
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L 65 read(S, ) (121(¢i, i), i=1, n)
. do 70 J=1.1in
70 read(S, #)(122(1i, i), 1=1, ou)
- do 75 .i=1, ou
;_H 75 read(5,#)(121r(i. .i). i=1, n)
- do 80 i=l.#s
[ 30 read(S, #)(u(i, i), i=1, n)
4 read(S, #) (2paw(i). i=1, n)
1 read(3, #)(ss(i). i=1, 2#q)
do 85 i=1,1in
P 85 read(s, *)(yul(2ei-1, i), yul2Z#i, i), i=1, )
do 20 i=1, ou
: 20 read(S, #) (vemnom{2Z#i~1, i), vemnom{2#i, i), .i=1, a)
5 do 95 i=tl, e
5 read(S, #)(aalrhal(2Z#i~1, i) aalrha(2#i, i), i=1, 1)
d do 100 i=1. oy
W 100 read(S, #) Crymact(2#i=1, i), yymact(2#i, i), i=1, 2)
o
b nrarh=0
3 itmax=200
d0 98 i=1, ¢ 1
o read(S, #, end=101)
read(S, #, end=101) nraeh, itmax
o
G print a fFroaram headinas
101 wr-ite(s, 102)
102 formatl{//5:, 23hFault, Diasnosis Program-Tableau Methaod, /7,
¥ 102, 22K Intereralatle Lo find lambda))
writels, 1032)
1032 format(/10:x%, 13hNominal Farameters)
writelh, 107Y ("rd7 iy )="yrnom(i), i=1, n)
107 format(4¢(3:, a2, 12, a2, «10. 4))
wri te(sH, 110)
110 format (/128 16hTest Frequencies)
do 111 i=1, 4
writel(s, 112) i, 2(1)
wreitel(t, 112)Cuudli, 1), i=1, 2%in)
111 contingae
112 format(12Z:, Zhz(. 12, Zh)=, e11. 4, 3h +i, ell 4)
113 format (12« Zhu=, 10(¥4 1, 1=, ¥4 1. 5=))
; = Comeute the wvector b0 = 121r{vmactl-122#uk
L [
; do 130 i=1, 3
,‘ do 125 =1, ou
: tmrCi)=cmel=(0O .0 )
: do 120 k=1,1in
; 120 mrCi)=tmer(i)+12205. k)#ulk, i)
' 125 tmeli)l=vmact(.i, i)-tme(.i)
[. do 120 J=1l.n
. BOC.i, i)=cmel=(D , 0 )
: do 1320 k=1, ou
: 130 OCi, i)=bOCi. P)+121 (i, Y #ELmEC( k)
LS
. o
@
-
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= ¢ Computle the uector ab
g [
; do 204 i=1, 2
;B do 204 =1, n
5 alti, i)=cmel=(0. . 0 )
I - do 201 k=1,n
it 201 aD( 4, 1)=a0C.i, i)+111¢i, K)#bO(K, i)
v do 204 k=1.1in
@i 204 alli, i)=aD(.i, i)+112Z¢.0, k) #ulCk, i)
[
: - [
: . 0020 00 XTI T e ) ), R O T D T D 0 I e A R U 0 00 4 0 0T ¢ o 0 e o e e e 0 I 8
5: do Z20 i=1l,n
R rktham(i)=1.
- 280 dev(id=(ract(i)=rnem(1)I%#100. /rrnom(i)
iter=0
*lam=-—1.
290 iter=iter+l
ifliter at ilmax) g0 Lo 200
- L]
! do 295 i=1l,n
295 rkth(id)=rkthnm(i)¥rnom{i)
C evzlyate §
do 300 i=1, 1
call quadf(flin—n+l), rkth.alrhadl, i), s¢(i). 2zFPom, 111, 14111,
b2 Uy Ve, aDC1, 1), BOCEL, 1), ns By TmEF)
300 continue
iflnormsal(ff, Z#n#*q). le 1. 2e—=10) =a Lo 200
]
c
o stop because the algorithm arrears stuck in a relative min.
ift=lam eq. 0O ) wmritle(bh, 205)
305 format(102, 37hcausht in a foint of raelative minimum)
ifl{xlam ea 0. ) sztofF
]
call sacobCif, 1dif, rkth, aleha, 1dal, s, n, By 9, 2Pow, 111, 14111,
% W, 1dw, a0, 1da0, bD, 14b0. tmF, aa)
c
call extorl(a, lda, of, 1dif, n. r, Q)
C
crPar ince Jjacob comrules [ rartial §f /7 rartial rtth 1
[ the last n columns of the matrix a must be adiusted Lo ast,
< { rartial ¢ 7 rartial rkthnm 2]
o do 215 i=1,2Z%n#ka
D do 2185 =1, n
o 315 Ali, 2%p%a+id=ali, 28pka+t i) #rnom(.i)
D cPar
! b see imsldoc 1l3af for meaning of tol
[ Lol=0
" o valye for kb indicates a iz assumed Lo have inderendent cols
3 kb=Zxpsa+n
‘e kb=0
o [ usa llsaf Lo find Lhe search direction
. c 1l1saf is from the imsl literary
s CH N, call 1lsafla, l1da, 2%nka. 2#eq+n. £, Lol, kb, d. tmr. iF. ier)
s cddd
- =
‘e nf=1
[ . -
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ind=1
c(1)=0,
c(2)=0.
c{3)=1.
call llbat(a, lda, Z#rsta, 2#ekaq+n, f, 1da,. nf, ind, ¢, d, 1da. ip, if. ier)
cddd
o NOTE: the r fart of 4 is normalized
<
o ortion to skiep tha lambda determination and szet it Lo -1
C
iftiter. le nrarh) 920 Lo 400
do 319 i=1, 39
- do 319 i=1,¢
= 319 w(Ci~1)#p+id=alrhali, i)—-0. O#d((i-1)#p+i)
S do 321 i=1l,n
@ = o 20pRari) =(rkLham(i) =0, O¥dd(2%p#a+i) ) #rnom(i)
[ the -0D. 0 iz the lower end of the intereolation data
e comrute funcltion 1§1##2 at lambda=0 - 25 - S - 75 -1
do 33?2 ilam=1,5
do 2333 i=1, q
call quadf{fli#¥n—n+1), xx(2Zupea+l), x{({(i-1)#p+1), s(1), 2Fom,
% 111, 14111, 1duw, a(l, 1), BOCL1: 1), s By LmE)
233 continue
alilam)=normsa(+f, 2#nitq)
do 2329 .=1,49
do 227 i=1, ¢
329 wli=1)#prid)=n((j~1)#p+i)= 20#d((j—1)#F+i)
do 321 i=1l. n
331 wux (ZHFpHEQ+L ) Sun(28pha+i) — 258 dd{(Z#exq+i) #rnom(i)
G the -~ 25 iz Lthe increment between Lhe interfolation data
339 continue
wlam=lambda(a)
¢
W urdate the alrha“sz and r
400 continue

do 410 =1, 3
do 410 i=1, ¢
410 alrhaCi, )=alehal(i, )+xlamed((i-1)#p+i)
corsas Lrue
do 420 i=i,n
iflabs{xlam¥dd(Z#epka+i)). ot erec) connrs= false

420 rethem(i)=rkthem(i) +xlamedd(ZHrpEa+i)
iflconuara) aa Lo 200

< wite the parameters as a Froadress raport
write(s, #) 7 rank of a @7, int{(z(4))

ifliter. at rearh) Lhen
writel(s, 455) iter, «lam

elza
writel(h, 4564) 1tLer, <lam
endif
455 format( /Sy, 26hnormalized v at iteration i3 4,
% Shi{lambda=, 12 5, 1H))
454 format{/Sx, Z&hnormalized v at iteration i3, 4.
% 2h(lambda=, el2 5, Sh: forced))
writelh, 457 (rkthoam{i). i=1. n)
D, N L - — ———— A o oma o e
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S0
457  format(Sx, 4e1S. 5)
a0 Yo 290
G
c write out final values
P00 continue

call second(timeZ)
write(b, 9223) iter—1, timeZ-timel

923 format(/Sx, iS5, 2, 16h iterations and , 212 &, 14h sac. reauyired)
writel(é&, 925)
225 format(/5Sx, 36hParameter Values at Sclution Paint
& 19h% dev. from nominal, 17h % error in sol. )
do 250 i=1l,n
927 format{10x, Zhr(, 12, 4h) = , ell 4, 18x, f10. 2, Sx, f10. 2)
950 writel(bH, 927) i, rkthom(id#rnom(i), dew(i).
% 100, #(ract(i)—rkthnm(i)#rnom(i) ) /ract(i)
stor
- end
-
= c
. ("]
- o
subroutine quadf(f,vr.alrh, s, 2row, 111, 1d111, v, 1w, al, bO, r, P tme)
C
c
G This routline computles the nonlinear function which corresponds
C Lo Lhe fault diasznosis equatlion af one tLezt frequency
o
[
C arsument list:
C
c f cutrutl: §f = Z(s .)IL Valrh +a0(=z )] - Valeh -tD(3 )
c i 11 i i i i
c
C r inrFut; Farameter wvector
c
C aleh inFut,: ambisuity wector
c
C s inFut: test freauency
[}
[ ZF o inrFut: exFonent of £ in Z
o
C 111 inFut: com connection matrix
[»]
G 14111 inFut: o dimension of 111 in callina erosram
[
(] V) inpPul: null sparce baszis of 121
[ s
G 1du input: row dimension of v in callina praoaram
[s3
c a0 inFut: Farticular solution for a
c
c b0 inrut; rarticular solutinon for b
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n inrFut: number of rarameters % row dimension of 2Z
F inePut,: number of columns in w
tme inFrutl: Lemrorary storasze (atl least 2Z#n)

inteaer zrowm(1), r, F, 1d111, 1dw, i,
real r(1),1110(14111, 1), w(1duy, 1)
complex alrh(1), 5, £(1),a00(1), bO(1) ., tme( 1)

do Z0 i=1,n

tme{i)=0,

do 10 i=1, ¢

tme(id=tmr(id+ul(i, j)raleh{ i)
fFli)=—tmr{id)-bO(i)

do 40 i=1,n

Lmr{i+n)=0

do 30 =1, n
tmeli+n)=tmrl{i+n)+111(i, J)Etmpr(.i)
tmedi+n)=tmel{i+nd)+a(i)
fli)=Ff(id)+r (i) esuezram( i) #tmrli+n)
tetlurn

end

subroytine dacob(.if, 1dif,ralrha,ldal: s.n,p, 92 2rom. 118, 14111,
vy 1dy, a0, 1d4a0, b0, 1400, Lmre, aa?

Thiz rouline comrules Lhe fault diasnosis Jacobian %o be
uzed in Lhe Nemton-Raphzon o ather iteration schemes

ar-sument, list

Jif oulent: Lhe Jacobian mateix

1di¢ inFut: the row dimenszion of §f in the calling rragram
r inent,: Farameler weclor

alrha itnputl. matrix of ambisuity weclars

l1dal ineot rom dimension of alefha in Lhe callina eroaram

inFut: array of teszt freauencies
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8
Ef. [ n inPut: number of raramelers % row dimension of 2Z
L c
u! C F inFPutl: number of columns in w
i c
i}j c q inpPul: number of lest frequencies
AN c
N = ZPow inPul:  exponent of s in Z
. . .
hl G 111 inrPutl: cem connection matrix
c
L c 14111 input: rom dimension of 111 in callins ero3ram
a G
C ¥ inFut: null space basis of 121
¢
(] 1dw inpul: rrow dimension of v in calling errosram
C
[+ a0 inePutl; array of particular solutlions for a
C
[ 1da0 inFPut: row dimension of a0 in Lhe calling frogram
C
C Q0 inpPut: array of rFarticular solutions for b
G
< 1d4b0 ineut,: row dimension of 00 in Lhe callins Frogram
G
[} Tmr inFut: temeorary storagse (at least 2#n)
¢
[ aa inPut: work array (atl leas\. n#q)
<
e
[ Note: For arravrs alerhal(i, )., a0(i, .i), bO(i, i) & aal(i, i) Lhe
] subscriel J means Lhe data of this column corresronds Lo
[ test freauency s(i).
o
inteaer zrpow(lda®). n. e, 9, 1dif, 1dal, 14111, 1des 1dad, 1400
integer i, J, k, Ji
real r{1da0), 111¢(14111, 1d111), w{(ldu, 1dal)
complex if(ldif, 1dif),alrhal(ldal, a), s(q),a0(1dan, a). bOC(14bO. q)
complex tmp(ld.if),aaln, qa), s2
N
[}
[ Computle Lhe wvector aasL11#Vsalrha+ald
4
. do 304 i=1,
'@ do 301 i=1,n
4 tmel id=cmelx(0. , 0 )
! do 201 k=1,
g 301 tmeli)=tmr(.i)+uli, KI*alerha(k, i)
' do 304 i=1.n
Lo aali, i)=a0i, i)
'@ de 304 k=1, n |
R 304 aalj, i)=aa(j, 1)+111¢.i0, K #*tmp (k)
. c
3 c
v [~ Compute the Jacobian JF{:)
; o !
Y do 601 i=1, nq
T
b- .
[y a a - - Ao . e . R
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do 401 =1, a%e+n
Jf(i, J)=cmrlx(0. ,0. )
do 410 k=1, 9

do &60% i=1,n

Compute dfisdr # si(alerhai)

s2=s(k)#*zpom(i)

Jfint(k-1)+1, ar+id=aali, k)2
do 605 =1, F

do &05 Ji=1,n

Compute Z(=i, r)#*L118#V-V

iflnE(k=1)+1, p#(k~-1)+.i)=

Jfin#Edk=1)+i, pR(k=1)+3)+111(1, i) w04, d)

do A10 i=1,n

do 610 Ji=1,p

s2=s(k)##z2prow(i)

JfintCk=1)+i, pE(k—1)+0)=if(n(k=1)+i, p(k=-1)+.)#r (i) Esz~0(i, J4)

return
end

subroutine cxtorl(a, lda, if. 1d4if, n, p. q)

This routine conuerts Lhe comrlex dacobian into an
equivalent real matrix Note: The conversion is somewhat,
af a hrbrid since the oriainal unknown wvector iz rart
complex (the alfrha“3) and Fpart real (tLthe r“sz)

ar-sument list

a sutrut: the real equivalent of Jf

l1da inFrut: the row dimension of a in Lhe calling eraoaram
S ¥ inFutl: the comeplex matrix Lo be conuwerted

ldif inFul: the row dimension of Jif in the callins rraogram
n inFutl: the dimension of r Lhe real sub-vector

4 inFul: the dimension of each comeplex sub-vector

] input,; the number of comelex sub-veclors
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integer lda,ldif,n, p.a, i,
real al(lda, 1)
comerlex Jjf(ldif,1)

do 820 i=1., n#a
do 810 =1, p#q
al{2Zwi-1,2#i~1)=real(.if(i, .i))
a(Z#i, 2#i)=real(.ifli, J))
al2Z#i-1, 2% i)=—aimaal(.ifli, Ji))

810 a(Z#l, 2¥i-1)=aimas(if(i, 4))
do 220 .i=1,n
a(2#i-1, Zpeat+i)=real {ifl{i, pea+.i))

820 al(Z*®i, Zuepha+id)=aimag(.if(i, rea+.i))
]
return
end
c
C
c .
real function normsalf, n)
s
e
inteser n, i
real f(n)
b
G
normsa=s0
do 10 i=1,n
10 normsasnormsa+f(1)#f(1)
return
end
']
c
3
E
g
i [
: . c
T, c
V‘ real function lambda(3)
b o
E! o This prosram uses 3 points alens a function 2 ) Lo find tLhe
P c rpoint, lambda, at which the funcltion is a minimum The ordinate
52 c rpoints are assumed to be O O, - 25 -5 - 7% and -1
o ¢
- ¢ If s(x)=al# ##ld+aZuxau3+aluxtnZ+adnn+aS Lhen
1] °
| ]
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1 0 0 0 O 11 latl la(=0.0)1
13. 90625 e-2 —1. T62%e-2 . 0625 - 25 11 laZl la(- 25) 1
1 . 0625 - 1295 . 25 -3 1ixtla3l = 1a(-0 %) I
1. 31640625 -~ 421875 L9625 - 75 1t la4l Fa9(~- 7351
! 1 -1 1 -1 11 1as| fa(=-1. 01

vand # a = =a

variable list,

real
3 ineyt: contains (-0 0). .. .. a(~-1.0)
vand data: contains Lhe wvandermonde matris
wand woar-k: seratch cofry of vand Lo comrule a

note: It would be more efficient Lo use Lhe inuverse of
wvand herae.

a waork: coafficients of the intererolant,
becomes the coefficients of 1zt derivatiuve

compl e

work: the zeroesz of Lthe 1=t derivalive

L]

subroutines
leatl¥ linear equation soluer from imsl
2Folr Folvnomial root finder
inteser i,.

real vand(S, S), wvand2(S, 5), a(S), a(S), wk(1O)
comrlex 2(32)

data vand/0. , 3 90625e-3,. 0625, 21640625, 1. . 0., -1, 562Fe-2, - 125,
- 421875, -1.,0.,. 0425, 25, S62%5.1.,0 .- 25, - 5. - 75 -1 .

i..,1.,1..,1 .1 7

zel, fmin Lo Lhe value of Lhe function at the current efaint so That
onlv roints rerresenting a decrease from Lhis value can be selected
fmin=9(1)

do 80 i=1,5

do 80 i=1,95

wandZ(i, i)=wandl(i, i)

call leatlf{wandz, 1,5, 5, 3, 0, wk. ier)

erint Lhe coefficients

writel(st, 100)(S-1, 9(1i), i=1,%5)
format(//5(1ha, il, 1h=, al0 4, Z:))
iroot=0

find coef. of 1t derivaliuve

do 10 i=1,5

ali)=float(S-i)*al(i)

find 2eros of 1:s% derivatiue
call zeolri(a, 2, 2, ier)

L o - T L . . . . .
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[+]
C
c—-——
25
30
50
(o]
h. -~ =
o 99
3 :'-': 90
u

do S0 i=1,3
if(cabs(2(i)). st 1. el15) 30 Lo 30
if{abs{aimaga(2(i))). st 1. e-5) 390 to 2D

Lhis erevenlts a search in the aprositle direction
if{real(2¢(i)) 3t 0O ) g0 Lo 230

flam=r-eal(z(1i))

fma a=0.

do 25 k=1,5
fmas=fmas+s{k)kflamew{S—k)
if{fmin le fmas) 230 Lo 30
ircot=i

fmin=fmas

continue

continue

if{iroot. ne 0) ao to 20
if(a(1). 11 0O ) then
if the interrolant is wrszide down Lrv lambda=l
lambda=-1.
return
else
lambda=0.
wr-ite(sd, 99)
endif
formatl(3x, Z0hERROR: No Minimum '!)
lambda=real{z2(ironol))
iflabsz(lambda). 2t 15 ) then
lambda=-1.
write(s, #) "error: lambda taon larse”
endif
return
end

subroytine second(time)
real Lime

Lime=crutim()

refurn

end
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AFFENDIX B: Limited Fault Diasnosis Prosram

EXPERIMENTAL VERSION —~——== 11 DEC 82--- e ——————

Fr-o3ram nfmain

! ]
- (5] This prosram solves the faultl diagnnsis eaualions under
- c the assumrtlion that the equalions are quadratic and tLhat
5 o the number of faults is limited
- o .
o Develarment stase besun December 4, 1932
G Based of Lhe fault diasnasis eproaram driver. §.
C
lo9ical conuwra
inLteaer n.q, Fine o 2ro(3E0)
inteasar lda, 1d4.if, 14111, 1da0, 14b0. 1dal, 1d4uv, ie(200)
real 111030,30),.112(30,5), 121010, 30), 122(10.5). 121+(30, 10)
real w(30,2%5) . room(20), ract(20), a{2%50, 250), £F(250), 44(250)
real s£C(10), (10, 3), vwmnom(20, 5), aalrha(S50.3), yymact{20, )
r2al normsa. lambda, = (Z50), 2(5), dew(30), beta(20)
real tLimel, LimeZ, rkth(20), rkthrm30), 2{4), anull (250, &0}
complex s(3), (S S).vmnom(10.S). alrha(25, 3), vmact(10, 5
comelex $f(150, 200), 4(125), £(125), bO(30, 5), aD (30, 9)
complex Lmp(2Z00), aal(30,5), =(12%)
b 23uivalence (zs, 2), (uu, u), (aalrha, alrha)
b equivalence {(vvmact, vmact). Cvvymnom, ymrom)
- equivalence (£f. £). (dd, d). (2, ), Canull. G F)
5 o
“ call zecond(timel)
L c
£ [ satl, Lthe row dimenzions
. C
i 1da=2%0
< 14.if=150
}‘ 14111=20
a 1 adu=3
1dal=2%
14a0=30
14b0=30
G
h c sat, precision of szolution ie 01 = 1%
- prec = ODOOOODL
a G
5 ¢ InFut, section
; [ read in from standard inrfut,
S c
i
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read(S, #) n,a, p,in ou

read(S. #) (rnom(i), i=1, n)

read(S, #) (ract(i), i=1, n)

do 9% i=1,n

read(S, #)(11144, 4), i=1.m)

da &40 .i=1,1in

read(S, #)(112(1i, ), i=1, n)

do 65 i=1, ou

read(S, #)(121¢(1i, 1), i=1,n)

do 70 i=1l,1in ’

read{(S, ®)(122(i, i), i=1, ou)

do Z? i=1, oy

?"ead(fu *)(IZIP(IF Y. i=1, n)

do 20 =1,p

read(S, #)(w(i, j), i=1,n)

read(S #)(zrow(i), i=1, n)

Pead(S; #)(zs(i), i=1, Z#q)

do 85 i=1,1in

read(S, ¥)(un(Zei-1, i), yu(2%i, i), i=1, 1)

do 90 i=1, ou

read(S, #) (vymnom(2Z#i=1, J), yymnom{2Z#i. i), i=1, 1)
do 25 i=1, ¢

read(S, #)(aalrha(2#i-1, j),aalrha(Z#i, i), i=1. 3)
do 100 i=1, ou

read(S, #) (vymact{(2Z#i-1, i), vwmact{2#i, i), .i=1, q)

itmax=200

do 98 i=1{, ¢
read(S, #, end=101)

naf=1

errar= 195

read(S, #, end=101) naf, ervor

errint a4 frrogram heading

write(s, 102)

format (/720 "Fault Diaanasis Prosram-Tableau Methoed”, /.

2%, “(Interralate Lo find lambda) )

writelh, 102)

formatl(/2%x, "Nominal Parametars)

writelb. 107) (v’ 1, )=, raomti), i=1, n)

format{(4(2:, a2, 12, a2, «10. 4))

write(s. 110)

formatl(/2%x, “Tezt Freauenciez”)

do 111 i=1, 9

writel(bd, 112) i, sCid, Cundii, i), j=1, 2%im

format(10x, "s(7,i2, ")=", el11. 4, © +i", ell 4,
2: Tu=", 100841, 7 +407, £4. 1, S:))

writel(b, #)” # of allowable faults: ", nat
writel(b, #)7 allowable error: -, arro

Comrute the weclor bO = 121rf{vmact=122%}
do 130 i=1, 3

do 125 =1, ou
tmel.id=cmelx{(0O , D )

.......
..................




204

[ ]

[ i tiesi et

290

300

&

%

do 120 k=1, 1in
tmrlid=tmel i) +1220.0, kKX#u(k. i)
tmrl.i)d=vymacti.i, i)-tmrl.i)

do 130 =1, n

bO(i, i)=cmprlx(0. ,0.)

do 130 k=1, ou

bOCH, 1)=b0C.J, i)+121r(0, K)#ELme (k)

Compule the wector ad

da 204 i=1. 4

do 204 .i=1l,n

ali, 1)=cmelx (0., 0. )

da 201 k=1.n

alCi, 1)=a0ld, i1)+111{.0, ) ¥bO (K, 1)
do 204 k=1.1in

a0Ci, 1)=a0(.i.i)+1120J kK)Y#ulk: i)

S D 0 N D B B 0 R A L T R N T

da 280 i=1,n

rktham(i)=1.

dJev(i)=(ract{(i)=rnom(i)I#100 /rnom(i)

iter=0

itnext=0

=lam=-1.

wr-itedlb, “(/70)7)

iter=iter+l

ifliter, at. itmax) Lhen
writedls, #)7 iteration limit excasded”
3a Lo 900

endi ¥

do 225 i=1l,n

rith(i)=rkthnm{i)*rnom(i)

wraluate §

do 200 i=1, 3

call auadf(fii¥n—n+l).rkth,alehall, i), sCid), zFrow, 111, 14111,
iy 1du, 2001, 1), BOCL, 1), o e tme)

continge

frnorm=normzal £§, 2#nka)

meitel(bh.®) 7 ITERATION 7. iter, (FIL7. frnarm

writel(lh, #)

if(fonorm le 1. a—10) a0 Lo SO0

stor because Lhe alaorilhm arfrears stuck in a relative min
if{=xlam. e3. 0 ) writel(s, 205)

format(10w, 27hcauaht, in a fFoint of relative minimum)
ifixlam eq. 0O ) z=tap

call Jdacob(.if, 1ddi¥. rkth,alrha, 1dal, =, nor, a0 2pcm 111, 14111,
vy, 1duw, atd, 1dad, b, 1480, tme, aa?

call ecxtorlca, lda, if, 1d4if. n.op, ?)
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60
S cFatr fsince Jacob compulesx [ Partlial f 7 partial rkth J Lthe last n column
el c the matrix a must be adiusted to aet [ partial ¢ 7/ rartial rkthom ]
tm do 215 i=1, Z#npka
S do 215 i=1,n
- 315 ali, 2rpéaq+i)=ali, ZEesq+i) #rnomi.i)
S cPar
b use 1lbaf Lo find Lhe search direction
o llba¥ iz from the im=zl library
cddd
nf=1
ind=1

c(1)=0

c(2)=1 e-5

c(3)=1.

call 11lbaf(a, lda, Z¥n¥a. ZErEa+n. £ 1da: nf. ind, o, s 1das ie G F 1)

ey

[e]

(=%
(=%
Q

NQOTE: the r part of 4 is normalized

\ «
g
g C
g do 21?2 =1, 3
. do 319 i=1.¢
319 2OCi=1)I#r+id)=alrhali, )~0 D& CI-1)#E+1)
Sl do 321 i=1.n
- 321 wx(Z¥pEA+II=(rktham(i) =0 Oxdd(Z#pska+i) d#rnami)
- ¢ the —0. 0 is the lower end of the interrolation data
1 G compule funcltion 1fi##Z at lambda=0 - 25 - 5 - 75 -1
- do 3379 ilam=1,5
do 32332 i=1, a
call auadf{f{i¥n—n+l1), xx(2Z%pEa+l), x{({i=1)#p+1), 20i), zFraom.
% 111, 1d111, 0, 1dv, aD(1, 1), bOCL, 1) e Py Tme)
333 continue
a(1lam)=noer-mzal §§, 2¥%nia)
do 329 =1, 4
do 329 i=1.F
329 ¥ Ci=1)#p+i)=u((i-1)#p+i)~ 2T#d({.i-1)%p+i)
- do 331 i=1.n
o 321 ww (Z#PHAFL ) =xm (28 FHa+i )~ ZS#Jd(ZHe#Eq+i) #rnom( i)
Y c the - 25 is Lhe increment between Lhe interralation data
3 237 continue
L xlam=lambda(3)
o :
. [ urdate the alrha”z and r
C
g do 410 =1, a
do 410 i=1, ¢
410 alrhali. )=alehali, id+=lam*d({i=-1)#e+1)

cornara=s Lruye
do 420 i=1,n
iflabs(xlam*dd(Z#eka+i) ). at, prec) corsra= false

420 rkthrmii)=rkthrm i)+ lam#dd( 2k a+i)
iflconura) 3o to S00

c wr-ite Lhe raramelers as a fFrosress raport
writel(s, #) 7 rank of a 7, int(a(4))
write(s, 455) iter, xlam

475 format{10«, 26hnormalized r at iteration . i3 Zx,

& Bh{lambda=, 12 S, 1h))
456 writels. 4%57) (rkthem(i)., i=1, n)
4%7 format(Sy, 415 S)

Sl . . |
-~ " 3 PP NP T T PP . S -
P S e B B B p S a3al a8 s e mta toa Lo .




writel&, " (7))
ao Lo 290

[
G al this roint the iteralion hasz found a "feasible solution®
500 iflitnex«t eq iter) ao Lo 200
do S10 i=1.n
310 rkthii)=rkthrm{i)#rnom(i)
call dacoebd.if, 1dif, rkth, alrha, 1dal, 5, o ey 1, 2row, 111, 14111,
¥ v, 1duw, a0, 14a0, b0, 1460, tme, aa)

call oextorl(a, lda, .if, 1di¥, n, r, 3)
do S15 i=1, Z#n#q
do 315 i=1l.n
S15 atl, 2eeka+.id=a(i, 2#pka+.i) #rnom( i)
call nullata, 1da, 2#n#q, 2¥e#a+n, anull, 1da, nldim, 44, tme)

ctestlesttesttesttecsttesttlesttlasttesttastlestlesttestlastlesttasttlast
call finderlanull(2Z#rska+l, 1), lda, o nldim rkLhom naf. ervor. beta)
¢ comeute anull#beta and FPut i in d

do A00 i=1, Z#e#a+n
ddii=0.
da 600 =1, nldim
&00 dd(il=dd(i)+anull (i, i)#betal.i)

do 410 =1, 3
do 6410 i=1,F
610 alrhati, ND=alerhal(i, I)+d({i-1)#pr+1)
conura= true
do 620 i=1,n
iflabs(dd{(Z#pea+i)). al. erec) coama3= fal:ze
&20 rethrmdi)=rkthom{ i) +dd(Z#p#ta+i)
itnext=iter+l
mritelh, 630) iter, beta(nldim+l)
betal(nldim+l) contains Lhe best norm tor

[
20 format{(10:=, "normalized v at iteration 7, 13, 2.
& “Anull srace ster: rporms". 210 4.7)7)
if{. nat cora) 3o Lo 456
ctezttesttesttesttastiesttestlesttesttesttasttezttasttesttasttest ey,
o write out fipal walwues
00 call zeconadal{time2)
write(s 222) iter—1, LimeZ-timel
923 format(/S:=, 15, 2=, 1&4h iteratiaons and » 212 4, 14k zec reaulraed)
wr-itel(s, 92%)
P25 Foarmat( /Sy, 34hParameter Values at Solution Point
& 19h% devy. from nominal, 17h % ereoe in 2al )
do 250 i=1,n
@27 format (10 Zhe(, 12, 40 = . ell 4. 18 £10 2, T, £10. 2D
950 writelt, 927 i.ekthrm(id#rnom(i), dew(i),
% 100 #lract(i)—rktham{i)#rnom(i)) fractil)
ztaF
aend
[n

subroutine findertarnull, lda. n. nldim rkthom. nat, . betal

P S V. Y . e ouellemat o B e : - L . PP AR : H A A A mr o w oz ot o e PO S T




652
[
inteser nedal, nldim, r, 1dr, 1e9l(30)., ineal (20, fwk320),
& izawe(320), index(30)
real rEtham(1), diff(20), rdiff(20), rnyll{30, 20). r(30),
& besavel(20), arulli(lda, 1), betal(l)., wk(ZROD), (4}
1dr=30
2 o= er
do 30 i=1.n
30 diff(id=1. —rkthnm(1i)
. Px]
- ] determineg which raramelers are alreadvy at nominal
Y ii=0
: do 100 i=1.n
iflabs{(difs(i)). le ervar) Lhen
m ii=ii+1
ieql(iil)=i
endif
100 conLinue
[
k‘ neql=ii
p ™ noneal=n—neal
o S sel ineql
- 130 ii=0
. do 150 i=1,n
: dao 140 =1, neal
140 if¢i. 2a ieal(i)) ao Lo 150
ii=ii+l
ineqal{ii)=i
150 conLinue
writels, #) 7 Fozzible faultz". (ineql(i).i=1.11)
c
zumold=1. a+10
_ CRRn icnold=n
- c
o i.Jab=0
. [ add a arour of Lhe pozsibly bad ta the 2cod (nadd=naneal-naf)
o nadd=none3l-naf
g ifinadd 11 O) nadd=0
f,' 1460 call incr(inde=, nadd, noneal, idab)
S 5222 wr-ite(st, #) index, (index(1), i=1, nadd)
5 iflidjab ea D) 30 to 240
~ [»]
F' do 170 i1=1, nadd
E‘ 170 ieql{neql+i)=ineql{index(i))
. neans=neal+nadd
s do 1280 i=1, nednz
r

rdiff(id=difflieql(i))
do 120 =1, nldim
rrulldi, i)=anulldieal(l). i)

t

Qe
0
2

ind=1

nools=

c(1)Y=0

c(2)=1l e-95

c(3)=1.

call 1lbafd{rnull. Ydr, neansz, nldim, rdif¢. L. nool s ind o

-v

Te

r—v.—vyv
1
1
p
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SUM=cumitH S
wr-itel(b, #)”

redject a zolution with nesative raramaeters
do 215 i=1.n
if(rdi). 1.0 ) so Lo 140
continue
comrare Lo all rrawvious
iflsum 1% sumold) tLhen
sumol d=sum
do 220 i=1, neans
isave{il=ieaql{i)
do 230 i=1, nldim
bsavel(id)=bata(i)
endif
30 Lo 1460
continue
do 2950 i=1, nldim
beta(i)=bsave(i)
betal(nldim+1)=zumald
return
end

sybroutine incr{index, ni, n, i.dob)

This szubroutine increments the index wector,
The wector index should list the indices of
a Ltime.

wariable list,

index inFut/outrul: The index wvechor
ni ineut. Mrder of itndesx

i inFut: Drder of full set,
i.iob input/outeut: Cantrol an inFul

Calaactem e H ta e e aiealaa PEPUR. WY ¥

i e,
n items taken

O=initialize
1=increment,

ieql” (ieql(i), i=1l, neans), sum: “» sSum

ni atc

> SN LR AT A O L A e S e i NERIOSATA T el LA SN T RS R A A
- . - T - L) . . . -t - . - - b - ‘i - - a™ . ‘s 14 v 4 ~ .5\”..“ ."- -‘.-L'L.‘A.h‘ .~_l‘
a3
& beta, 1 dr, iwk, wk, k)
[»1
(o] compPule a trial wvalue of r
do 190 i=1i,n
‘ r{id=rkthnm{i)
- doa 190 =1, nldim
E:- 120 réi)=r(id+anull (i, i)#*batal.i)
3 o
o G comrute a rFerformance index Lo evaluate the faultl combination
L sum=0,
do 210 i=1, neans
_ arrxz=abs{(r(ieql(i))-1.)
SUMS UM+ 2r s #Eld
210 cantinue
G2222 wp-itedb, #)7 sum: 7, sum




[»]

110

0

o0

Qo0

QDD D

DD DO

-4
Flas on oulrut, D=and

inteser index(nid,ni,n, 1Jjob
if((ni. 29 . 0) and (iiob ed. ©)) tLhen

iiob=1

return
alze if{(ni. eq QO). and (i.40b ea 1)) then

iiob=0

return

ifliiob 21 ©) then
do 110 i=1, ni
index(il=i

L
—
0
) J

iinb=1
return
else if(ni. 23 n) then
iJob=0
return
elzse
index(nid=index{ni)+1
do 130 i=ni, 2, -1
iflindex{(i). 9t n—-ni+i) then
index{i-1)=index{(i-1)+1
index(i)=index{i-1)+1
endif
continue
do 150 i=2Z, ni
ifdindex¢i). at. n—ni+i) index{(id=index(i—-1)+1
iftindex{(1). st n—ni+l1l) ijob=0
return
andif
end

subroutine nullacta, 1da, reeows, neels,anull, 1drull. nldim. £, wks

This sutroutine comrules Lhe nullsrace
Initially the nullzrace dimenszion iz =
if thiz iz positive or 2era otherwize

aof Lhe

mea tr 1

a
et Lo neols—rtawms
The rouline

checks the zingular walues The nullseprace dimension is
incremented for euery zinsylar walue which is

relative to the larsest(first).

variable list,

a inFut: matri= for which nullspace 1=

a iz destraoved

lda inrot: o dimenzion of a
nr-oms input; number of rows in a

P SN Yy W P RPN S PP PP ).

Lhen

tao small

Jezired
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QDO O000

QDo

[ » S v

el

o

10

20

The followina

ncols ineut: number of columns in a
anull outrul: the columns of o zpan nullfal
l1dnull input: row dimeansion of u

nldim outrut: dimension of nulllal

s war ko work arravy of dimension min{rrows, noal s)

containing Lthe zinsular walues

wk worb: waork array of dimension Z#Emax(nroms neols)

inteaer lda, ldnull, araws, ncols, nldim
real a(lda, 1),anull(ldrnull, 1), =¢(1), mk(l)

call lsudfla, 1da, nrows, ncols b, 0,0, 55wl ier)
nldim=ncaol z—rmrows

ifinldim 1% 0) nldim=0

do 10 i=1, mirnD{nrows necol s)
ifis(i). 1lae 1. e-5%=z(1)) nldim=nldim+1

do 20 i=1, ncols

do 20 =1, nldim
anull(i, i)=ali, ncols—-nldim+.i)

trelurn

end

auadf
dacob
crxtorl
farmsq
lambda

second

zubroutine listed in Arrendix A are alzo reqyired




601 i=1, niq




